University of Windsor

Scholarship at UWindsor
Electronic Theses and Dissertations

Theses, Dissertations, and Major Papers

3-10-2019

Oxidative Polymerization of Heterocyclic Aromatics Using
Soybean Peroxidase for Treatment of Wastewater
Neda Mashhadi
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation
Mashhadi, Neda, "Oxidative Polymerization of Heterocyclic Aromatics Using Soybean Peroxidase for
Treatment of Wastewater" (2019). Electronic Theses and Dissertations. 7646.
https://scholar.uwindsor.ca/etd/7646

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.

Oxidative Polymerization of Heterocyclic Aromatics Using Soybean
Peroxidase for Treatment of Wastewater

By

Neda Mashhadi

A Dissertation
Submitted to the Faculty of Graduate Studies
through the Department of Chemistry and Biochemistry
in Partial Fulfillment of the Requirements for
the Degree of Doctor of Philosophy
at the University of Windsor

Windsor, Ontario, Canada

2019

© 2019 Neda Mashhadi

Oxidative Polymerization of Heterocyclic Aromatics Using Soybean
Peroxidase for Treatment of Wastewater
by

Neda Mashhadi

APPROVED BY:

_____________________________
A. Bassi, External Examiner
Western University

_____________________________
N. Biswas
Department of Civil & Environmental Engineering

_____________________________
P. Vacratsis
Department of Chemistry and Biochemistry

_____________________________
J. Gauld
Department of Chemistry and Biochemistry

_____________________________
K. Taylor, Advisor
Department of Chemistry and Biochemistry

January 14, 2019

DECLARATION OF CO-AUTHORSHIP / PREVIOUS PUBLICATION

I.

Co-Authorship

I hereby declare that this thesis incorporates material that is result of joint research,
as follows:
Section 4.4 of the thesis was co-authored with Paul Meister under the supervision of
professor James Gauld. In all cases, the key ideas, data analysis, interpretation, and
writing were performed by the author, and the co-authors contribution was primarily
through the provision of computational calculations. The co-author, Paul Meister,
contributed by conducting all computational calculations presented in this dissertation
and Dr. Gauld provided feedback on the results.

I am aware of the University of Windsor Senate Policy on Authorship and I
certify that I have properly acknowledged the contribution of other researchers to
my thesis, and have obtained written permission from each of the co-author(s) to
include the above material(s) in my thesis.

I certify that, with the above qualification, this thesis, and the research to
which it refers, is the product of my own work.
II.

Previous Publication

This thesis includes one original paper that has been previously
published/submitted for publication in peer reviewed journals, as follows:

iii

Thesis Chapter

Publication title/full citation

Publication status*

Chapter 4

N. Mashhadi, K. E. Taylor, N. Biswas, P.

In Peer Review

Meister, J. W. Gauld, “Oligomerization of 3substituted quinolines by catalytic activity of
soybean peroxidase as a wastewater treatment.
Product formation and computational studies”,
Chem. Eng. J. 2018.

I certify that I have obtained a written permission from the copyright
owner(s) to include the above published material(s) in my thesis. I certify that the
above material describes work completed during my registration as a graduate
student at the University of Windsor.

III.

General

I declare that, to the best of my knowledge, my thesis does not infringe
upon anyone’s copyright nor violate any proprietary rights and that any ideas,
techniques, quotations, or any other material from the work of other people
included in my thesis, published or otherwise, are fully acknowledged in
accordance with the standard referencing practices. Furthermore, to the extent that
I have included copyrighted material that surpasses the bounds of fair dealing
within the meaning of the Canada Copyright Act, I certify that I have obtained a
written permission from the copyright owner(s) to include such material(s) in my
thesis.
I declare that this is a true copy of my thesis, including any final revisions,
as approved by my thesis committee and the Graduate Studies office, and that this
thesis has not been submitted for a higher degree to any other University or
Institution.
iv

ABSTRACT
Along with other contaminants, heterocyclic aromatic compounds have
found their way to our water sources in concentrations up to tens of µg/L. Contrary
to their carbon counterparts, there is a gap of information regarding nitrogen, sulfur
and oxygen heterocyclic aromatic contaminants. This information gap also extends
to the feasibility of enzymatic treatment of such compounds. In this dissertation, a
survey of various heterocyclic aromatic families has been conducted to explore the
possibility of removing them from synthetic wastewater by the oxidative
polymerization action of soybean peroxidase enzyme. The experiments were
designed for ≥ 95% removal of the target compound as the most important
parameters pH, enzyme activity, peroxide concentration and reaction time were
optimized. In most cases, 85-90% removal efficiency was achieved under the
studied conditions. In some cases, the cost of enzyme and peroxide used was
considered in determining the optimal treatment conditions. Mass spectral (MS)
analysis was conducted on the supernatant and precipitate of the reaction under
optimal conditions for preliminary identification of reaction products. Plausible
structures were assigned to related empirical formulae derived from MS analysis.
Lastly, computational tools were applied to investigate the most favored
polymerization positions on the substrates and were compared to structurally related
non-substrates. Furthermore, using computational studies, ionization energies and
standard reduction potentials of all substrates and some non-substrates were
calculated and ranked to investigate a possible trend in SBP specificity based on
these two factors.
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CHAPTER 1
INTRODUCTION

1.1

Heterocyclic aromatics

In the IUPAC gold book ‘heterocyclic compounds’ are described as: “Cyclic compounds
having as ring members atoms of at least two different elements, e.g. quinoline, 1,2thiazole, bicyclo[3.3.1]tetrasiloxane.1 Although multiple replacements are likely, common
aromatic heterocycles contain nitrogen, oxygen or sulfur as the heteroatom incorporated
into their structures.2 Like their carbocylic counterparts, heterocyclic compounds are
divided into two classes: heteroaromatics and heteroalicyclics. The former having a planar,
cyclic, conjugated system with (4n+2) π electrons (the Hückel rule).3 Simple heterocycles
such as pyridine, in which a nitrogen has replaced a carbon in a benzene ring, may be fused
to another heterocycle. By such bonding, various heterocyclic systems can be constructed.
Heterocyclic compounds make up a big portion of 24,282,284 cyclic structures registered
in Chemical Abstracts as of June 2007.4 Heterocycles are the backbone of many essential
constituents of living cells such as nucleic acids, amino acids, vitamins and co-enzymes.
They have been the target of much medicinal chemistry research as they can mimic the role
of these natural products in biological systems.5 Heterocyclic aromatics can be classified
based on the number of elements in the ring as three, four, five, six and seven membered
heterocycles. Among them, five- and six-membered rings are the most frequently
encountered in drug chemistry and living systems. Some of the most common ones with
five- or six-membered rings, containing one or more heteroatoms are as follows6;

Figure 1-1. Common five-membered heterocyclics with one or two heteroatoms

1

Figure 1-2. Common six-membered heterocycles with one or two heteroatoms

Benzene-fused heterocycles are particularly interesting as important units in organic
molecules.7

Figure 1-3. Some of the important benzene-fused five and six-membered heterocyclic aromatics with one
or more heteroatoms

1.1.1

Aromaticity

Although aromaticity is an important concept in organic chemistry, there is no universal
quantitative definition for it. Despite the lack of a precise definition, all aromatic systems
follow Hückel’s rule which suggests all planar, cyclic compounds such as benzene, with
(4n+2) π electrons possess diamagnetic currents, enhanced thermodynamic stability and
are considered to be aromatic. The situation becomes more complicated for polycyclic
compounds. Naphthalene which is considered as two fused rings is aromatic but less so
than benzene.8 Incorporation of heteroatoms into an organic ring structure, in place of a
carbon atom, affects some of the fundamental properties of the molecules, such as
aromaticity and reactivity. The presence of different heteroatoms, affects the degree of
aromaticity of heterocycles, compared to their carbon counterparts.9 Although magnetic,
structural and energetic (thermodynamic stability) criteria are used as indicators of
aromaticity, they will not usually result in the same ordering system within a group.3
Magnetic criteria such as proton NMR spectra or nucleus-independent chemical shift
(NICS) data are used along with energetic criteria (Dewar resonance energy, DRE) 8 for
comparison in this dissertation.
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The aromaticity scale in common five-membered heterocycles compared with benzene
using 1H NMR data is in keeping with data derived from an energetic model: 3,9

Figure 1-4. Order of decreasing aromaticity of five-membered heterocycles

Based on DRE data, the order of aromaticity remains the same in benzo-annulated
derivatives of five-membered heterocyclic compounds: naphthalene > benzothiophene >
indole > benzofuran. In case of two-heteroatom-substituted derivatives, benzothiazole, for
example, is more aromatic than benzoxazole.9
The difference in electronegativity and size of the heteroatom replacing a CH unit in
benzene, changes the carbon-heteroatom bond lengths and the overlap between pz atomic
orbitals. Consequently, a considerable change in aromaticity is observed in different sixmembered heterocycles, compared to benzene. The presence of the nitrogen slightly
perturbs the aromatic system and, as a result, pyridine has lower aromaticity than benzene.
In general, increasing the atomic number and the number of heteroatoms in a benzene ring
result in decreased aromaticity.10
Azoles are expected to show an aromaticity between that of five-membered heterocycles
having one heteroatom and six-membered ones. Since cyclic π-conjugation is more
effective in pyridine-type nitrogen compared to pyrrole-type nitrogen, the aromaticity
decreases in this sequence: pyridine> pyrazole> pyrrole.3
Benzo-annelated pyridine, quinoline, resembles naphthalene and is aromatic11. Actually,
both energetic and magnetic indices are very close for naphthalene, quinoline and
isoquinoline

12

. Analysis of magnetic properties indicates the degree of aromaticity

observed in the benzene ring of coumarin and its hydroxy derivatives is almost equal to
that of benzene itself. However, mild aromatic character, possibly caused by circular
electronic delocalization mediated by the C=C double bonds and the oxygen p lone-pair is
observed in the α-pyrone rings of coumarin and hydroxy derivatives.13 Since contraction
3

of the oxygen pz orbital in furan compared to the nitrogen pz orbital in pyrrole causes
reduced aromaticity 12, lower aromaticity is expected in coumarin than quinoline.
1.1.2

Tautomerism

The interconversion between different isomeric forms (tautomers) differing in the positions
of a double bond and a proton is tautomerism. One of the common examples is keto-enol
tautomerism in which the oxygen of the keto group gains a proton while π electrons shift
from oxygen to the α-carbon. The type of solvent employed, affects the equilibrium
constant of this conversion (𝐾 = [enol]⁄[keto]). For example, the keto-enol equilibrium
constant of phenol in water is > 1013 which indicates phenol in water exists 100% in enol
form.14 Position of ring substitution in pyridines can dictate which tautomer exists
predominantly. In the case of 2- and 4-hydroxypyridines, a charge-separated resonance
structure becomes predominant as negative charge prefers oxygen and positive charge
prefers nitrogen. It is known that 2-pyridone contributes more to the equilibrium (Figure
1-5). A similar situation is expected for 4-pyridone.3

Figure 1-5. Tautomerism of 2-hydroxypyridine

For 3-hydroxypyridine, no uncharged isomeric form can be drawn. In water, it exists in
an approximate mixture of 1:1 of both OH and NH forms, Figure 1-6.3
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Figure 1-6. Tautomerism of 3-hydroxypyridine

Experimental and computational data indicates, 2-hydroxy- as well as 4-hydroxy
quinolines exist in the keto form in the gas phase and in water but for 3-hydroxyquinoline,
the enol from is predominant.15
Another tautomeric transformation besides keto-enol, is amino-imino interconversion. In
contrast with 2- and 4-hydroxypyridines, the amino form of 2-, 3- and 4-aminopyridines is
almost always observed.14 Semi-empirical quantum calculations of 2-, 3- and 4aminoquinolines reveals they all exist in the amino form in water.16
Tautomerism in imidazole is unique as it leads to the formation of two identical tautomers.
On the contrary, tautomerism of unsymmetrically substituted imidazoles, such as 4methylimidazole

produces

5-methylimidazole.14

In

case

of

2-aminoimidazole,

tautomerism leads to the diversity in the reactivity of the molecule, Figure 1-7.17

Figure 1-7.Tautomerism of 2-aminoimidazole

Substitution on position two of benzimidazole, such as 2-aminobenzimidazole, produces
two indistinguishable tautomers which are 1:1 populated.18
Oxazole and thiazole do not undergo tautomerism like imidazole because the N-H group
needed for such interconversion is absent.14 In substituted thiazoles, such as 2aminothiazole, amino-imino tautomerism has been reported with the amino tautomer being
the predominant form.19
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1.2

Heterocyclic aromatics as environmental pollutants

Heterocyclic aromatics have been detected in air, water and soil of industrialized areas,
along with their carbon counterparts.20 They have become one of the most important classes
of ground water contaminants, as a result of oil and gas production.21 Nitrogen, sulfur and
oxygen heterocyclic aromatics, make up 5% of coal tar creosote composition. Therein,
forty percent of the water-soluble fraction of creosote contains heterocycles such as
pyrrole, quinoline, isoquinoline, pyridine and benzothiophene.22 Furthermore, depending
solely on the analysis of parent heterocyclics in contaminated sites, might lead to
underestimation of their overall concentration. For example, hydroxylated and
hydrogenated metabolites of N-heterocyclic aromatics such as quinoline and isoquinoline
have been found in much higher concentration than their parent compounds, in ground
water near oil-contaminated sites.23 Heterocyclic aromatics are important building blocks
of many currently marketed pharmaceuticals. Among all, nitrogen heterocycles make up
to 59% of small-molecule drugs, approved by the U.S. FDA (Food and Drug
Administration). Aromatic nitrogen-heterocycles are frequently encountered in these
structures. For example, five-membered aromatic N-heterocyclics, make up 62% of fivemembered nitrogen-heterocycles.24 Prescription and nonprescription drugs have been
frequently detected in sewage treatment plant (STP) effluents or in the surface water near
these locations.25, 26
Pharmaceuticals with heterocyclic aromatic blocks, such as trimethoprim, indomethacin
and carbamazepine have been found in surface water in Lake Ontario and Lake Erie 25. The
presence of these drugs along with other personal care products and endocrine disruptors
has been investigated in different countries.27, 28 Apart from the above sources, heterocyclic
aromatics are the basis of many other products such as pesticides, industrial solvents and
dyes.29
Pharmaceuticals and their metabolites, have been emerging in STP effluents, depending on
their treatability. Imidazole antibiotics such as oxfendazole and metronidazole are
persistent and generally not removed. They have been detected in concentrations more than
100 ng/L in the effluent of STPs.30
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Use of the anti-inflammatory drug metamizole results in the formation of the following
metabolites: 4-aminoantipyrine (4-AAP), 4-acetylaminoantipyrine (AAA) and 4formylaminoantipyrine (FAA) found in hospital and STP effluents to which medical center
wastewater was directed. The annual load of theses metabolites discharged into surface
water in Berlin were extrapolated from field trials to be 333 kg of 4-AAP/AAA residues
and 133 kg of FAA.31
Other heterocyclic aromatics such as benzothiazoles (BTs) and benzotriazoles (BTRs), are
also ubiquitous environmental contaminants found in STP effluents, 32 tap water, 33 rivers
and lakes in different countries

34

and have been considered, along with many of the

compounds in the preceding paragraphs, as ‘emerging’ contaminants also known as micropollutants.35 Investigation on the fate of BTs and BTRs in raw and treated wastewater in
Greece, suggested they are partially removed in the STP.

For instance,

hydroxybenzotriazole (HOBT), has been detected in concentrations up to 182 ng/L, BTR
in the range of 14-548 ng/L and hydroxybenzothiazole (HBT) 94-514 ng/L.35
1.2.1

Impact on humans and environment

Polycyclic aromatics (PAHs) are widely distributed pollutants and suspected carcinogens.
There is comprehensive and exhaustive literature on their toxicity and ecological
impact.36,38 Although in many cases, PAHs co-occur along with their heterocyclic
counterparts, there have been fewer studies on the toxicity of heterocyclic aromatics. 39As
a result of lower octanol-water partition coefficients, heterocyclic aromatics are more
water-soluble than their carbon counterparts.40 Ground water samples from a creosotecontaminated site in Denmark contained 500 µg/L total concentration of heterocyclic
aromatics compared to 61 µg/L of PAHs.41
Heterocyclic aromatic compounds (HACs), containing nitrogen, sulfur and oxygen have
been reported to show acute toxicity, cytotoxicity, carcinogenicity and mutagenicity.42, 43
Ecotoxicity (using algae growth inhibition and Daphnids immobilization tests), and
mutagenicity assessment on some of the rarely studied heterocyclics shows quinoline, 6methylquinoline, and xanthene are mutagenic. Dibenzothiophene and acridine show higher
ecotoxic potential than pyridine, methylpyridine, indole and quinoline.44 Embryotoxicity
data on zebrafish suggest very high embryotoxicity of acridine and carbazole with
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dibenzofuran, xanthene, methylquinoline and dimethylbenzofuran having toxic potential
for the embryos. Pyridine and methylpyridine show minimal embryotoxicity towards
zebrafish.45
Within mono-nitrogen heterocyclic aromatics, a direct correlation between physical
properties and toxicity was observed. Increase in boiling point, molecular weight and
octanol-water partition coefficient (log P) led to increased toxicity and caused impairment
to the growth of Tetrahymena pyriformis.46 Toxicity increase was observed with the
number of aromatic rings in a series of N-heterocyclic compounds.47
Certain benzazoles such as benzimidazole, benzothiazole, benzotriazole and some of their
derivatives can cause repression in plant growth.48 Benzotriazoles are “high production
volume” chemicals used in production of variety of consumer products.49 Over 5000 tons
of benzotriazole is produced annually in the United States and this number is even higher
in some other countries.50 Widespread exposure of humans to consumer products
containing these chemicals might lead to accumulation of them in human tissues. 2Hydroxybenzothiazole was found in 55% of the adipose samples up to 62.5 ng/g. 4- and 5Methylbenzotriazoles (at a concentration of 1.5 ng/g) and 5,6-dimethyltriazole (0.73 ng/g)
have been also frequently detected in human tissues.51
Aromatic amines such as imidazoquinolines, imidazoquinoxalines and imidazopyridines
with an exocyclic amino group attached to one of the rings, which are generally produced
by cooking or heating of meat,52 are among the most mutagenic compounds known for
bacteria.53 They also have been known to cause bladder cancer in humans.54 Heterocyclic
aromatic compounds such as quinoline, 6-methylquinoline, indole, xanthene, acridine and
their metabolites are capable of inducing estrogenic activity in humans with values
comparable with those of common endocrine disrupters such as Bisphenol A and
alkylphenols.55
1.3

Common wastewater treatment techniques with an emphasis on heterocyclic
aromatics

The need to protect diminishing water resources, existing strict discharge policies, high
cost of wastewater treatment and dramatic population growth, demand reliable and
improved water treatment technologies.56 In general, conventional treatment techniques,
8

physical, chemical and biological treatments, can be applied separately or in combination
for the treatment of wastewater. Physical treatments such as filtration, sedimentation,
flotation and skimming are entirely mechanical and are used for the separation of
suspended solids or particles. Chemical methods such as neutralization, ion exchange and
chlorination provide specialized treatment using different chemical reagents. Biological
processes, aerobic and anaerobic digestion, activated sludge and trickling filter use
microorganisms to remove contaminants from water.57 Preliminary, primary, secondary
and tertiary or advanced treatments are terms used to describe levels of wastewater
treatment, in increasing order.58 Although conventional treatment technologies are well
understood, they suffer from poor settling of suspended solids, large sludge production,
high capital and maintenance costs and/or low efficiency in treatment of contaminants.59,60
Traditional discharge regulations call for a low concentration of biodegradable organic
matter expressed as biological oxygen demand (BOD). However, refractory nonbiodegradable organic matter is likely to be discharged into the aquifer.61 Introduction of
organic pollutants such as pharmaceuticals, brominated flame retardants (BFRs) and
persistent organic pollutants (POPs) from different sources to the final sludge or surface
water through STPs is concerning and shows the inability of conventional techniques in
treating micropollutants.62 Advanced treatment technologies have been developed to
overcome these issues and meet current and foreseen treatment necessities.63 Table 1-1
summarizes some of the most common detected emerging contaminants and their typical
concentrations in the influent and effluent of STPs.62
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Table 1-1. Some common detected micropollutants and their concentrations in STP effluent and influent.

Class

Compound

Antibiotics

Sulfamethazine64
Sulfamethoxazole

Influent (ng/L)
Min.
Max.
0
343

64

64

Trimethoprim
Antiepileptic
Antihypersensitive
Betablocker
Cosmetic
Plasticizer

Carbamazepine

64

64

Atenolol

Metabolite

79

216

20

162

51.9

101

277

13

154

69

43

127

40

74

23.1

11239

261

5911

64.5

20

4900

19

1700

55.8

65

790

10022

751

1225

76.2

88

11800

6

4090

71

10

37870

0.36

3130

92.4

300

1930

12

219

76.8

262

3325

127

2253

55.4

314

1894

34

1098

66.9

1760

22 200

<LOQ

6745

46.1

57

2134

<LOQ

922

8.5

Bisphenol A

65
65

65

Triclosan

4-aminoantipyrine

66

4-methylaminoantipyrine

66

N-acetyl-4-amino-antipyrine
Antisecretory

13.1

5113

Benzylbutylphthalate
Disinfectant

%Removal

65

Metoprolol
Galaxolide

Effluent (ng/L)
Min.
Max
0
408

Omeprazole

66

66

Specifically for HACs, Padoley et al., have reviewed different physico-chemical treatment
methods with a special focus on nitrogen-containing heterocyclic aromatics such as
pyridine and quinoline. Industries such as dyes, coal processing, pharmaceuticals, solvents
and pesticides are anthropogenic sources of these contaminants. Although primary control
at the source by substitution or recycling is the preferred way to control pollution, it is not
always possible. Therefore, various conventional techniques such as physical, chemical
and biological methods are employed for treatment of heterocylic aromatics. Some of the
physical processes include deep-well injection, ultrafiltration, adsorption, soil percolation,
thermal catalytic incineration and activated carbon. These processes suffer from
disadvantages. For instance, thermal catalytic incineration is energy intensive, produces
CO2 and nitrogen oxides and leads to air pollution. Membrane filtration processes are
costly and deep-well injection may contaminate groundwater.67
Chemical coagulation and chemical scrubbing are some of the chemical methods employed
for treatment of nitrogen heterocyclics which suffer from low efficiency and high waste
production. Aerobic and anaerobic biodegradation of pyridine and its derivatives are
affected by the type and position of the substitution. Generally, unsubstituted pyridine
10

degrades faster than amino- and hydroxypyridines by aerobic microorganisms. Chlorosubstitution except at position 4, is known to make it persistent to biodegradation. Pyridine
aerobic biodegradation is believed to proceed through ring cleavage between C-2 and C-3.
Aerobic degradation of quinoline and its derivatives might happen through any of the
following pathways: 7,8-dihydroxy-2(1H) quinolinone, 8-hydroxycoumerin, anthranilate
and 5,6-dihydroxy-2(1H) quinoline. In 7,8-dihydroxy-2(1H) quinolinone and 5,6dihydroxy-2(1H) quinoline it happens via dioxygenolytic cleavage of dihydroxylated
metabolites adjacent to the nitrogen atom.67
Anaerobic degradation of heterocyclics such as pyridine proceeds via ring hydroxylation
(with water being the source of oxygen), or ring reduction. Anaerobic transformation of
indole and quinoline and some of their methyl derivatives by Desulfobacterium indolicum
is initiated by hydroxylation of the substrate at position 2. Methyl substitution at or close
to position 2 is believed to inhibit microbial attack and further digestion of the substrate. 67
Anaerobic biodegradation of pyridine, furan and thiophene and their methyl and carboxy
derivatives under sulfate-reducing and methanogenic conditions shows oxygen and
nitrogen heterocyclic compounds are more susceptible to anaerobic digestion than those
having a sulfur heteroatom. Except for thiophene carboxylic acid in sulfate-reducing
conditions, the amenability of substituted furans, thiophenes and pyridines decreases in this
order: carboxylated> unsubstituted> methylated.68
1.4

Advanced oxidation processes with an emphasis on heterocyclic aromatics

In the last few decades, a broad spectrum of new technologies has been studied to improve
wastewater treatment efficiency.69 Advanced oxidation processes (AOPs) are defined as
“processes performed at room temperature and normal pressure and based on the in situ
generation of a powerful oxidizing agent, such as hydroxyl radical (OH•), at a sufficient
concentration to effectively decontaminate waters”.70
Oturan et al., reviewed and classified various AOPs into chemical, photochemical,
electrochemical and sonochemical reactions. Chemical AOPs include Fenton’s reagent and
peroxonation.71 The Fenton process utilizes hydrogen peroxide and a ferrous salt for the
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formation of a reactive oxidizing species, OH•, through the following reaction in acidic
medium 71,72, which destroys organics.
𝐹𝑒 2+ + 𝐻2 𝑂2 → 𝐹𝑒 3+ + 𝑂𝐻 • + 𝑂𝐻 −
Iron (II) can be regenerated from iron (III) using another molecule of hydrogen peroxide,
which leads to the formation of hydroperoxyl radical (OOH•) and a proton.
𝐹𝑒 3+ + 𝐻2 𝑂2 → 𝐹𝑒 2+ + 𝑂𝑂𝐻 • + 𝐻 +
Although efficiency of the Fenton reaction is affected by pH, temperature, peroxide and
catalyst concentration, it has been successfully applied for treatment of haloalkanes,
chlorobenzenes and many other toxic compounds. Formation of iron sludge, the need for
acidifying the wastewater and the cost of hydrogen peroxide are some of the disadvantages
of this treatment method.71
Peroxonation takes advantage of the combined effect of ozone and hydrogen peroxide
(O3/H2O2) in lowering the concentration of micropollutants prior to filtration of
wastewater, through generation of hydroxyl radicals:
𝑂3 + 𝐻𝑂2− → 𝑂2 + 𝑂𝐻 • + 𝑂2•−
Hydroxyl radical consumption through side reactions and ozone’s low water solubility are
some of the parameters which may limit this process.71
Photochemical oxidation techniques combine UV (ultra-violet) radiation with other
oxidants such as ozone, hydrogen peroxide and Fenton reagent. They include H2O2 or O3
combined with UV-photolysis, photo-Fenton (H2O2/Fe2+/UV) and heterogeneous
photocatalysis (TiO2/UV).71
In heterogeneous photocatalysis, UV radiation on a semiconductor generates electron-hole
pairs which in turn react with the oxygen and water to form hydroxyl radicals. These
radicals mineralize the pollutants to water and carbon dioxide.73 Moreover, use of solar
radiation as UV source, low catalyst cost and possibility of oxidizing a wide spectrum of
recalcitrant compounds are some of the advantages of photocatalysis.74 UV/H2O2 and
UV/ozone processes utilize UV irradiation to enhance generation of hydroxyl radicals.
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Ozone photolysis has been extensively employed for treatment of volatile chlorinated
organic compounds such as trichloroethylene, tetrachloroethylene, carbon tetrachloride
and chloroform. On the other hand, H2O2 photolysis has been applied for decolonization of
azo-dyes in waster, treatment of contaminated ground water and cyanide elimination.

71

The UV/H2O2 process suffers from the low UV absorption of peroxide, need for special
reactor design and adsorption of UV light by matrix.74 Mass transfer limitations and low
ozone solubility are some of the issues related to O3/UV process.75
In the photo-Fenton process, photo-reduction of the ferric ions regenerates ferrous ions
which react with hydrogen peroxide to form highly reactive hydroxyl radical and ferric
ion:76
𝐹𝑒 3+ + 𝐻2 𝑂 + ℎ𝜐 → 𝐹𝑒 2+ + 𝐻 + + 𝑂𝐻 •
Hydroxyl radicals can also be generated from direct photolysis of hydrogen peroxide.77
The main driving mechanism of sonochemical (cavitation) treatment, is formation of
microbubbles which grow and collapse in milliseconds to generate hotspots with high
pressure. As a result of homolytic fragmentation of water and oxygen in this environment,
highly reactive free radicals form which degrade the chemical species in the medium.
Pollutant type and degree of cavitation intensity control the destruction mechanism of
cavitation. 71, 72
Electrochemical processes are capable of mineralizing pollutants to water, carbon dioxide
and non-toxic substances by electron transfer at an electrode. If the oxidation is limited to
the electrode surface, it is called a direct oxidation. In a mediated oxidation process,
generation of reactive species from the mediator leads to destruction of organic
contaminants along with the oxidation simultaneously happening at the electrode surface.78
Electrochemical treatment efficiency can be improved by coupling to some other treatment
techniques such as ultrasound and UV irradiation.71
AOPs have also been used in treatment of heterocyclic aromatic compounds.
Photocatalytic degradation of nitrogen-containing organics such as pyridine, atrazine and
fluorouracil on titanium dioxide (TiO2) film has been reported. Nitrate and ammonium ions
13

were generated as a result of photocatalytic degradation in all cases but their concentration
depends on the nature of the nitrogen atom in the compound, initial substrate concentration
and illumination time. The pyridine degradation mechanism was initiated by ring
hydroxylation and resembled the photo-degradation mechanism of benzene.79
Nohara et al., studied the mechanism of photocatalytic mineralization of nitrogencontaining aromatics such as pyrrole and imidazole, on TiO2. Almost 70% of pyrrole
nitrogen and 49% of imidazole nitrogen were converted to NH4+ ions, while lesser
proportions (17% and 26%) for production of NO−
3 were observed for pyrrole and
imidazole, respectively. In both heterocycles, the most reactive sites are the carbons at the
2- and 5- positions which react with hydroxyl radicals.80
Direct (using t-BuOH as radical scavenger) and radical oxidation of pyridine and quinoline
by ozone in aqueous solution have been studied. Direct ozonation occurred through the
electrophilic attack of ozone on the nitrogen atom of pyridine which forms pyridine-Noxide as the sole product and is not affected by pH. For quinoline, pH of the medium affects
the oxidation mechanism. Oxidation of unprotected quinoline happens through the attack
at the nucleophilic center (nitrogen atom) with minor formation of N-oxide. In case of
quinoline, quinolinic acid is formed and degraded to oxamic acid, N-formyloxamic acid
and dioxalylimide, as final products. Radical oxidation of pyridine, ruptures the
heterocyclic ring and generates nitrate, ammonia and organic amides compounds as
products.81, 82
A comparison on the abatement efficiency of some common aromatics and heterocyclic
compounds was conducted by Cañizares and his group using conductive-diamond
electrochemical oxidation (CDEO), oxidation with Fenton reagent and ozone at pH 12. For
a wastewater with a chemical oxygen demand of 102 mg/dm3, all processes were able to
reduce the COD significantly. Electrochemical oxidation required the lowest dose of
oxidant (kg of oxygen to treat 1 m3 of wastewater) for the highest removal compared with
the other AOPs applied. Regardless of high COD removal efficiency for Fenton and ozone
treatments, formation of large amounts of oxidation by-products, especially for Fenton
treatment, is concerning. At higher contaminant concentration, where Fenton treatment and
electrochemical oxidation successfully reduce COD, ozonation becomes less effective.
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Electrochemical oxidation remained the most effective in TOC removal even in high
pollutant concentration, compared to the other techniques. Nature of the pollutant had a
great effect on degree of treatability, for example ozonation of thiophene occurred with
high efficiency compared to Fenton oxidation and electrochemical treatment. This can be
explained by selectivity of ozone towards R-S-R functional groups.83
Ozonation of model wastewater containing benzothiazole and its 2-mercapto derivative,
showed more than 99% abatement for MBTH and 21% for BTH but less than 15% decrease
in TOC and COD were observed under the experimental conditions, which was attributed
to the formation of other BTHs as transformation products. These products will probably
be present in effluents unless sufficient ozone is applied to achieve complete
mineralization.84
Borowska and colleagues also investigated the abatement of benzothiazole using UV and
UV/H2O2 systems along with a study on TOC removal and characterization of
transformation products. Although direct and indirect photolyses were successful in
removing BT, TOC analysis showed no mineralization in both cases. Also, for indirect
photolysis, 100 mg/L of hydrogen peroxide at pH 5 was needed to remove 97% of the
initial concentration (10 mg/L). Using liquid chromatography coupled with high resolution
tandem mass spectrometry (LC-HR MS/MS), 6 transformation products were proposed for
BTH degradation. Ecotoxicity data showed the solution remained toxic to Vibrio fisheri
even after abatement of substrate which can be attributed to the formation of toxic
transformation products.85 Furthermore, AOPs have been successfully utilized for
treatment of pharmaceuticals, personal care products and coking wastewater containing
various heterocyclic aromatics along with other contaminants.86, 87
Advanced oxidation processes (AOPs) have been widely used in water and wastewater
treatment however, these systems are not without disadvantages. For instance, mass
transfer between gaseous ozone and aqueous solution is a limiting factor in ozonation. In
O3/UV, due to peroxide’s low extinction coefficient compared to ozone, its decomposition
by UV is inefficient. Matching the reactor size with the penetration depth of UV is also
another unsolved problem.88 Electrochemical oxidation techniques may suffer from
electrode fouling and formation of halogenated by-products. Cavitation techniques usually
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are designed only for batch mode and scaling up the system is an issue. Fenton processes
need acidification and neutralization, produce sludge which should needs to be dealt with
and might generate halogenated by-products.89 High capital cost and need for explicitly
tailored methodology are also some of the common limiting factors in advanced oxidation
processes.90
1.5

Objectives

1. Determine the feasibility of enzymatic treatment of heterocyclic aromatics and
optimize for their conversion of substrates.
1.1 Investigate oxidative polymerization of heterocyclic aromatics with five- or sixmembered rings having one or two heteroatoms, and their amino- and hydroxyderivatives using soybean peroxidase (SBP: EC 1.11.1.7). Names and chemical
structures of these compounds are listed in Table 2.
1.2 Study oxidative polymerization of fused-ring heterocyclic aromatics having one or
two heteroatoms, and their amino- and hydroxy-derivatives using SBP. They can
be found in Table 2.
1.3 Explore treatability of model environmental pollutants containing heterocyclic
aromatic rings using SBP. Names and chemical structures of these compounds are
listed in Table 2.
2. Identify enzymatic transformation products of substrates using mass spectrometry
(MS).
3. Conduct computational analysis of first-formed heteroaromatic free radicals.
3.1 Seek computational evidence on the most probable radical structures formed during
SBP treatment leading to products detected by MS.
3.2 Investigate influence of redox potential and ionization energy on treatability of
specific pollutants by SBP.

16

1.6

Scope

The scope of this study includes:
1. Investigate the feasibility of SBP treatment of 1 or 0.5 mM solutions of some five- or
six-membered heterocylic aromatics, having one or two heteroatoms, and their aminoand hydroxy-derivatives, some fused-ring heterocyclic aromatics and some of their
amino- and hydroxy-derivatives and some environmental model compounds.
2. Optimize the most important parameters of the removal of the above compounds with
SBP being pH, H2O2 concentration, SBP activity and reaction time.
3. Develop high-performance liquid chromatography (HPLC) detection methods for the
substrates to measure enzymatic treatment efficiency.
4. Study the effect of incremental addition of H2O2 on removal efficiency in each family
of heterocyclic aromatic substrates for those which are incompletely treated by SBP.
5. Investigate the possibility of formation of oligomers after enzymatic treatment utilizing
mass spectrometry. Assign a possible structure to each of the polymerization products
formed and identified by MS.
6. Obtain a spin-density map and Mulliken charges of all substrates and related nonsubstrate heterocylic aromatics investigated, utilizing computational tools such as
M06-2X functional.
7. Obtain ionization energies and investigate ease of radical formation of above
compounds plus aniline and phenol (as model compounds) in the gas phase.
8. Investigate the influence of redox potential on treatability of specific heteroaromatic
pollutants (Table 2) by SBP.
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Table 1-2. Name, molecular structure, molecular formula and CAS registry of the chemicals investigated

Molecular formula

CAS
registry

Pyrrole*

C4H5N

109-97-7

Thiophene

C4H4S

110-02-1

Furan

C4H4O

110-00-9

Pyridine

C5H5N

110-86-1

2-Hydroxypyridine

C5H5NO

142-08-5

3-Hydroxypyridine*

C5H5NO

109-00-2

4-Hydroxypyridine

C5H5NO

626-64-2

2-Aminopyridine

C5H6N2

504-29-0

3-Aminopyridine

C5H6N2

462-08-8

4-Aminopyridine

C5H6N2

504-24-5

Thiazole

C3H3NS

288-47-1

Pyrazole

C3H4N2

288-13-1

Chemical

Molecular structure
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Imidazole

C3H4N2

288-32-4

Indole*

C8H7N

120-72-9

Indazole

C7H6N2

271-44-3

Quinoline

C9H7N

91-22-5

2-Hydroxyquinoline

C9H7NO

59-31-4

3-Hydroxyquinoline*

C9H7NO

580-18-7

3-Aminoquinoline*

C9H8N2

580-17-6

3-Hydroxycoumarin*

C9H6O3

939-19-5

4-Hydroxycoumarin

C9H6O3

1076-38-6

2-Aminothiazole*

C3H4N2S

96-50-4

2-Aminoimidazole*

C3H5N3 · 0.5H2SO4

1450-93-7

3-Aminopyrazole*

C3H5N3

1820-80-0

2-Aminooxazole

C3H4N2O

4570-45-0

2-Aminobenzoxazole*

C7H6N2O

4570-41-6
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2- Hydroxybenzothiazole

C7H5NOS

934-34-9

2-Aminobenzothiazole*

C7H6N2S

136-95-8

2-Aminobenzimidazole*

C7H7N3

934-32-7

4-Aminoantipyrine*

C11H13N3O

83-07-8

Benzotriazole

C6H5N3

95-14-7

Hydroxybenzotriazole*

C6H5N3O

2592-95-2

Atrazine

C8H14ClN5

1912-24-9

Amitrole

C2H4N4

61-82-5

Trimethoprim

C14H18N4O3

738-70-5

* These heterocyclic aromatics are substrates of soybean peroxidase
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CHAPTER 2
LITERATURE REVIEW
2.1

Enzymatic treatment

In 1979 Bollag and his co-workers polymerized 2,6-dimethoxyphenol using laccase
extracted from Rhzoctonia practicola fungus. Their work was followed by polymerization
of over 40 phenolic and aniline compounds present in industrial wastewater by Klibanov
and his group using horseradish peroxidase (HRP).91-92
In the presence of an oxidant (oxygen for laccase and hydrogen peroxide for HRP) anilines
and phenols will be oxidized by an enzyme into free radicals. The free radicals generated
can diffuse into the solution and form oligomers, coupling non-enzymatically. If those
oligomers are soluble and have phenolic or anilino functional groups, then they can be
further oxidized by enzyme and form yet higher oligomers. Until the polymer reaches its
solubility limit, this cycle can go on to form higher oligomers. Sedimentation or filtration
methods may be used to remove the eventual precipitates from the solution.93
The ability of peroxidases in polymerizing toxic contaminants such as anilines and phenols
in the laboratory can be used to develop an alternative waste treatment process. They can
remove the pollutants by precipitation or transform them to harmless products or simply
be used as a pre-treatment method to make the waste amenable to further treatment.94
Although in biological treatment microorganisms utilize enzymes for the treatment of
wastewater, enzymatic treatment still has advantages over this conventional method.
Enzymatic treatment can be applied for the treatment of a broad spectrum of substances
including those toxic to microorganisms. It can be effective treating low or high
concentrations of refractory compounds and works over a wider range of salinity, pH and
temperature compared to biological treatment. It does not suffer from shock loading and
the sludge produced after the process is much less than from biological treatment.
Furthermore, an enzymatic process might be favored over other conventional
physical/chemical methods by operating under less corrosive conditions, removing trace
amounts of organics left untreated by other processes and require less of chemical oxidants,
therefore lower cost.95 Like any other treatment technology, enzymatic treatment has its
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own drawbacks. Enzyme can be inactivated by hydrogen peroxide. Use of additives has
shown to be effective in limiting such inactivation.96 Cost and availability of the enzyme
also should be taken into the account while considering it as an alternative treatment
technique.97
2.2

Peroxidases

As comprehensively reviewed by Pandey et al., peroxidases (EC.1.11.1.x) are abundantly
found in algae, bacteria, fungi, plants as well as in animals. They decompose hydrogen
peroxide and are able to oxidize a vast range of phenolic and non-phenolic substrates.
Peroxidases are classified into heme and non-heme peroxidases with heme-containing
group making up 80% of known peroxidases. Non-heme peroxidases are further classified
into four superfamilies: thiol peroxidase, halo-peroxidase, alkylhydro-peroxidase and
NADH peroxidase. Heme-peroxidases are subdivided into two major groups: peroxidasecyclooxygenase and the peroxidase-catalase superfamilies.98
Heme peroxidases, are found in two superfamilies, the archae superfamily and animal
superfamily. The former includes bacterial, fungal, and plant heme peroxidases such as:
cytochrome c peroxidases, ascorbate peroxidases, lignin peroxidases, and plant secretory
peroxidases. These peroxidases can be further classified based on their function and
localization as: Class I which are intracellular plant peroxidases. Class II which are
extracellular fungal peroxidases, like the lignin and manganese peroxidase. Class III or
extracellular plant peroxidases which include soybean peroxidase (SBP) and HRP.99
Although class I peroxidases are phylogenetic relatives of the other two classes,
structurally, class II and class III peroxidases are more related as both contain N-terminal
signal peptides, four conserved disulphide bridges and bound calcium while class I
peroxidases lack an endoplasmic reticulum signal sequence, disulphide bridges and
calcium.98
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2.2.1

Heme in Peroxidases

A ferriprotoporphyrin IX or heme prosthetic group is the common feature in many
peroxidases with some differences in mammalian peroxidases. In plants, iron (III) is in the
center of the heme surrounded by four pyrrole rings which are connected through methene
bridges. Heme provides four equatorial co-ordination sites for Fe through pyrrole
nitrogens. Four methyl groups, two vinyl groups and two propionate groups make up the
side chains attached to the pyrrole residues. The imidazole side chain of a histidine residue
occupies the proximal side or position 5 of the iron. In the resting enzyme, position 6 or
distal side is vacant and is where the catalytic activity of peroxidases occurs.100
2.2.2

Reaction mechanism of peroxidases

Peroxidases catalyze hydrogen peroxide degradation in an irreversible ping-pong
mechanism through a three-step oxidation reduction cycle illustrated bellow.100
𝑃𝑒𝑟𝑜𝑥𝑖𝑑𝑎𝑠𝑒 + 𝐻2 𝑂2 → 𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝐼 + 𝐻2 𝑂

(1)

𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝐼 + 𝑅𝐻 → 𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝐼𝐼 + 𝑅 •

(2)

𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝐼𝐼 + 𝑅𝐻 → 𝑃𝑒𝑟𝑜𝑥𝑖𝑑𝑎𝑠𝑒 + 𝑅 • + 𝐻2 𝑂 (3)
2𝑅𝐻 + 𝐻2 𝑂2 → 2𝑅 • + 2𝐻2 𝑂
The cycle starts as hydrogen peroxide is reduced to water and native enzyme is oxidized to
Compound I, which is the active form of the enzyme and two electrons above the native
peroxidase, Figure 2-1. In the presence of a reducing substrate (RH), compound I is reduced
to compound II and a free radical (R•) is generated through one-electron oxidation of RH
(such as phenols and aromatic amines) with loss of a proton. When another molecule of
reducing substrate is oxidized by compound II to form a free radical, the enzyme returns
to its resting state.100
Two amino acid residues, histidine and arginine, located on the distal face of the heme,
play a key role in the catalytic pathway of peroxidases (Figure 2-1). Histidine’s imidazole
side chain has an abnormally low pKa (~2.5) as a result of proximity to the argininyl residue
with a high pKa. Therefore the histidine will participate in acid-base catalysis and accepts
a proton from hydrogen peroxide leading to the formation of a Fe-OOH intermediate.
23

Arginine works as a charge stabilizer through the process. Compound I is formed through
the heterolytic cleavage of an O-O bond, leaving the iron in oxidation state 5 (Fe =O).
Compound II forms when an electron and a proton are transferred from the reducing
substrate to compound I, simultaneously, along with the formation of free radical from the
reducing substrate. In the last step, enzyme returns to its native state by transferring an
electron through the ferryl bond and changing the oxidation state of iron back to 3. A water
molecule is generated by the proton supplied from histidine residue and the other by the
reducing substrate.93, 100

(b)

(a)
a)

Figure 2-1. Reaction cycle of heme-peroxidases.
(a)The heme prosthetic group of peroxidases.93
(b)The reaction cycle of heme-peroxidases is shown for the oxidation of phenol. The dashed line shows the
ability of a few peroxidases in transferring oxygen to the substrate from Compound I. (3a), (3b) and (3c)
indicate possible resonance forms of compound I. 101
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2.2.3

Soybean peroxidase

Soybean peroxidase (SBP) is extracted from the seed coat and belongs to the class III
peroxidases. They play a role in lignification and self-defense systems in plants. SBP is
closely related to HRP with 75% amino acid sequence homology. There are 306 amino
acid residues in SBP’s structure which are made into 13 α-helices and 2 β-sheets (Figure
2-2). SBP contains seven glycosylation sites, two calcium ions and four disulfide bridges.
SBP has been shown to possess greater thermal stability than HRP with an inactivation
temperature of 90.5 °C. Also, the high affinity of SBP for heme means it is able to withstand
low pH and perform catalytic activity without loss of the heme.102

Figure 2-2. Structure of soybean seed coat peroxidase.
3D structure generated by Jmol software using RSCB-Protein Data Base. PDB ID: 1FHF. Carbon in gray,
nitrogen in blue, iron in orange and calcium ions in green. 103
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Some amino acid residues play a key role in the active site of SBP. There are two histidine
residues (His), one on the proximal side of heme, His 169, and the other one (His 42) on
the distal side of the heme. The former is, through the imidazole side chain, strongly
coordinated to the iron of the heme. The latter participates in acid-base catalysis. Three
arginine residues 38, 173 and 175 play a role in charge stabilization and hydrogen bonding
to the heme. Disulfide bridges and calcium ions are known to increase the protein’s thermal
stability.93
The substrate access channel in SBP resembles the ones observed in peanut peroxidase and
HRP but there is a small difference between their relative electrostatic properties. However,
peroxidase specificity is limited to topological differences due to the side chain
properties.102 In enzymes, such as peroxidases, the active site governs type of the substrate
and reaction taking place. In heme-peroxidases, conformational stability and catalytic
activity is dictated by several characteristics such as accessibility of hydrogen peroxide to
the heme, rate of electron transfer in heme, amino acid residues surrounding the heme and
hydrogen bonding in the active site.93 Conformational stability and catalytic activity of SBP
is highly affected by the pH of the medium and has a maximum at pH 5.5 for the oxidation
of ABTS [2,2́-azino-bis-(3-ethylbenzthiazoline-6-sulphonate)]. This is due to the
relaxation of β-sheets and β-turns as well as its active site being exposed to more solvent.104
SBP shows adequate activity in the presence of organic solvents such as methanol, ethanol,
acetonitrile and benzene/acetone mixtures with highest activity observed in the presence
of acetone followed by methanol, ethanol and acetonitrile. It also keeps almost 65% of its
activity in 16.7% (w/v) mixture of benzene/acetone.105
2.2.4

Soybean peroxidase reaction cycle and product formation

SBP follows the same general three-step catalytic cycle of peroxidases (section 2.2.2),
oxidizing a vast range of phenolic and non-phenolic substrates. The first- and second-step
rate constants (equations 1 and 2) in the catalytic cycle are much higher than the third one,
so compounds I and II are generated in steady-state concentrations. Hence, the step in
which enzyme returns to its resting state becomes the rate-limiting step of the total
reaction.106 Electron spin resonance study on horseradish peroxidase and various
substituted phenols and naphthols as substrates, detected formation of phenoxyl- and
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naphthoxyl-radicals by HRP catalytic reaction. Furthermore, it was suggested that
oxidation potential of the substituted phenols plays a key role in generation of the phenoxyl
radicals.107 Job and Dunford studied the effect of meta- and para-substitution on the
reaction of phenols and aromatic amines with HRP. They concluded that all monosubstituted phenols and aromatic amines react with compounds I and II in the substrates
neutral form. A free radical is formed upon transfer of an electron from the substrate (ratelimiting step) and a proton is lost simultaneously. As aromatic amines possess higher
oxidation potentials than phenols, they exhibit lower rate constants compared to phenols.108
After transfer of an aniline electron to the porphyrin ring of the compound I with
subsequent loss of proton, another molecule of aniline donates an electron to iron (IV) of
compound II along with subsequent loss of proton.109
Following the release of highly active free radicals generated by the enzyme to the solution,
they react non-enzymatically to form dimers. If containing phenolic or anilino functional
groups, these dimers can enter the enzyme catalytic cycle and be further polymerized.
When the polymer reaches its solubility limit, it will precipitate from the solution and can
be removed by a simple sedimentation or filtration process.110 Free radicals generated from
a substrate such as phenol can be combined to form dimer products resulting from C-C
coupling and C-O coupling with ortho- and para- orientation, as shown in Figure 2-3.111

Figure 2-3. Enzymatic pathway for phenol polymerization.
The phenoxyl radicals formed undergo polymerization through C-C or C-O coupling with ortho-, para
orientation. 111
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Characterization of products generated from the enzymatic treatment of phenolic
compounds using various enzymes has shown that changes in the reaction parameters can
affect the product distribution. For instance, the product distribution of p-cresol oxidation
by HRP has been shown to be pH dependent. On the other hand, this effect was not
observed for some other enzyme/substrate combinations. In peroxidase systems, other
parameters such as, dissolved oxygen concentration, molar ratio between hydrogen
peroxide and phenolic compound and rate of radical formation (related to enzyme
concentration), can also influence the distribution of products.112 Various phenolic
polymerization products with molecular mass 400 to 26000 has been synthesized using
peroxidases.113
Aniline oxidative polymerization using HRP yields ortho- and para-directed polymer
units. The ratio between ortho- and para- directed polymers is influenced by pH of the
medium and nature of the solvent. Increased pH or use of organic solvents with high
dielectric constants influence partitioning of cationic anilinium radicals and leads to the
formation of ortho-directed products.114 In contrast, oxidative polymerization of phenol
using HRP yields both phenylene and oxyphenylene units. As with aniline, pH and solvent
play a key role in the structural composition of the polyphenol’s units. Using SBP instead
of HRP might result in formation of similar products but nature of the enzyme might affect
the yield and molecular weight of the end products. For example, HRP has higher activity
toward meta-substituted phenols having smaller substituents and SBP is superior for larger
substituents.115
FTIR, NMR, and fluorescence spectroscopic analyses of the products of HRP
polymerization of 2-naphthol confirmed the formation of fluorescent polymer in a reverse
micellar reactor. Infra-red data illustrated C-C linkages being the predominant pathways of
radical coupling as the characteristic band for aromatic ethers (resulting from C-O
coupling) was not observed. The presence of an extended quinonoid structure resulting
from further loss of 2 electrons and 2 protons from a product, was also confirmed.116
The presence of C-O-C linkages as well as C-C linkages was suggested in HRP-catalyzed
polymerization of 8-hydroxyquinoline-5-sulfonate with positions 2, 4, and 7 being the
preferred polymerization sites.117 Mass spectrometry is another instrumental technique
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applied to study detailed mechanism of intermediate formation and degradation product
identification of SBP treatment. Kalsoom et al., suggested azo cleavage and subsequent
ring opening of metabolites in SBP degradation of Trypan Blue (azo dye), using MS
data.118 Mass spectral data of the products from SBP-catalyzed reactions of various PAHs
suggested 1-acenaphthenone (168 m/z) and 9-fluorenone (180 m/z) are the sole products
of anthracene and fluorene enzymatic reactions, respectively. Two products were observed
from

9-methylanthracene,

anthraquinone

at

209

m/z

and

9-methanol-9,10-

dihydroanthracene which were produced in a 2:1 ratio at 210 m/z.119
2.2.5

Soybean peroxidase inactivation

Like any other peroxidase, soybean peroxidase is susceptible to inactivation in the presence
of hydrogen peroxide alone. In this process, hydrogen peroxide converts compound II to a
highly reactive peroxy-iron (III) free radical called compound III. Compound III itself is a
reversibly inactivated form of the enzyme but, in the absence of a reducing substrate,
compound III can further also react irreversibly in one of the following pathways (Figure
2-4):
1. Oxidize the porphyrin ring in its vicinity by rupturing the methene bridges linking
pyrroles. This leads to the formation of an open-chained tetra-pyrrole structure.120
2. Return to its ground state by oxidizing the surrounding protein.120
3. Decay of compound III (peroxyl radical) and formation of other free radicals such
as hydroxyl radicals which can oxidize the protein.120
In addition to the peroxide inactivation, other side reactions such as interactions between
the enzyme's active site and radicals generated from the substrate (such as phenoxyl
radicals) and/or sorption of active enzyme by polymeric products might also result in
enzyme inactivation.121,122 Additives such as polyethylene glycol (PEG) and gelatin were
shown to suppress adsorption and decrease the amount of enzyme needed by 200 fold.122
It has been shown that additives compete with enzyme for hydrogen bonding to the end
product in a sacrificial process, reducing the amount of the enzyme inactivated.123 Recent
study demonstrated SBP trapped in phenolic precipitate during the enzymatic treatment,
retains its activity and can be recycled effectively.124
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Figure 2-4. Compound III decomposition pathway in suicide inactivation of peroxidases.
Reactions 2, 3 and 4 represent the possible pathways taken by compound III. 120

2.3

Redox potential

Oxidation–reduction potential (redox potential) is the ability of a molecule to acquire
electrons. Nernst developed an equation to determine the relationship between the
thermodynamic quantities such as ΔG° (Gibbs free energy) and K (the equilibrium
constant) in an electrochemical cell (equation 1), where R is the universal gas constant, T
is the temperature in kelvin, n is the number of electrons transferred in half-reaction and f
is Faraday constant. 𝐸 ° (standard potential) is measured by evaluating the potential relative
to a standard hydrogen electrode with a potential of zero at 1 atm pressure at 25 °C and
°
pH= 0. By definition, addition of the standard reduction potentials for the oxidation (𝐸𝑜𝑥
)
°
and reduction (𝐸𝑟𝑒𝑑
) half-reactions results in 𝐸 ° , the cell potential, (equation 2). 125

𝐸 = 𝐸° −

𝑅𝑇
ln 𝐾
𝑛𝐹

°
°
𝐸 ° = 𝐸𝑜𝑥
+ 𝐸𝑟𝑒𝑑
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(1)
(2)

2.3.1

Redox potential in peroxidases

Since oxidation-reduction is the biological function of peroxidases, understanding the
redox potential of peroxidases and their potential substrates might help in expanding the
oxidizable substrate spectrum. In general, redox potential determines the thermodynamic
feasibility of a redox reaction. Although peroxidases have the highest oxidizing ability
among other enzymes, substrate orientation, electrostatic interaction, topography of
enzyme active site and redox potential all play an important role in the oxidizing ability of
these enzymes. In heme-peroxidases the redox couples, Compound I and Compound II,
are not the same as Fe(III)/Fe(II) redox potential mentioned below but the latter could be
used as an indicator of the oxidizing character of peroxidases. A standard redox potential
of 0.77 V has been reported for the reduction half-reaction of Fe (III) to Fe (II). Addition
of this Fe (III)/Fe (II) couple to a protoporphyrin and formation of a free heme complex,
reduces the couple’s redox potential to −0.115 V. The redox potential can dramatically
change (around 1 V) by introducing it to a protein matrix.126 Despite, Fe (III)/Fe (II) system
providing valuable information, only redox potentials of one-electron oxidations of
compound I to Compound II and Compound II to resting enzyme (Fe(III)) can provide
further insight into the oxidizing power of different peroxidases.123 It has been found that
the specific activity of peroxidases such as HRP and lignin peroxidase towards some
substrates like methoxy-substituted benzyl alcohols and methoxybenzenes is inversely
related to the redox potential of the enzyme. Therefore, enzymes with higher redox
potential of the iron center would generate intermediates with higher oxidative power.126
Although no redox potential has been reported for the compound I to compound II
conversion of SBP, one can conclude that the value must be lower than 1780 mV, which
is the redox potential of hydrogen peroxide in the following half-reaction:
𝐻2 𝑂2 + 2𝐻 + + 2𝑒 − ⇄ 2𝐻2 𝑂
Table 2-1 summarizes the redox potentials estimated for some peroxidases.126
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Table 2-1. The reduction potential of some peroxidases

Enzyme

Redox potential (mV)

Soybean peroxidase
Horseradish peroxidase
Lactoperoxidase
Cytochrome c peroxidase

2.3.2

Compound I/ Compound II

Compound II/ Fe (III)

Ref.

898
1,090
740

950
900
1,040
1,080

127
128
129
130-131

Factors modulating the redox potential in peroxidases

In general, factors modulating the redox potential in heme-proteins, include:
1. Thermodynamic factors of reduction; Electrostatic interaction of redox center with
the protein and solvent, as well as the bonding interaction of the redox center, have
a great impact on the Gibbs free energy change, which in turn modulates the redox
potential. On the other hand, ferric heme has a net positive charge which is
destabilized in a media with low dielectric constant.
2. Primary coordination sphere: Characteristics of the axial ligand and its interactions
with heme, identity of porphyrin substituents and their electron-withdrawing or donating properties and the presence of a covalent linkage between heme and the
apo-protein influence the redox potential values.
3. Protein matrix: Degree of exposure to the solvent and presence of charged residues
in the heme vicinity affects the redox potential. Charged residues might exert a
stabilizing or destabilizing effect on the heme.126,132
2.3.3

Methods of redox potential measurement

Valuable information can be derived from the reduction potentials of the enzymes. Several
experimental and computational approaches can be used to estimate redox potentials.
Direct cyclic voltammetry is a common technique in which the formal potential is
calculated from the midpoint of two anodic and cathodic sigmoid curves.132 This method
is not adequate for compounds I and II redox potential measurement, because the
intermediates are short-lived and the reaction is not reversible. Instead, catalytic-based
estimation, spectroelectrochemical method and redox titration are the experimental
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techniques

commonly

used

for

redox

potential

estimation

in

peroxidases.

Spectroelectrochemistry measures the concentration of oxidized and reduced enzyme
species from their UV-Vis spectra. Catalytic measurement of redox potential is possible
through the semilogarithmic correlation which exists between the redox potential and rate
constant of an enzyme-substrate pair.126
Computational chemistry is a valuable alternative to experimental techniques for the
estimation of redox potentials. The theoretical assessment is carried out by calculating the
change in standard-state (1 mol/L of solution) Gibbs free energy of half reactions. As
computational calculations are done in the aqueous phase and ΔG° is calculated in the gas
phase, the redox potential of the reference electrode, Standard Hydrogen Electrode (SHE),
and standard-state free energy of solvation (Δ𝐺𝑠° ) are introduced during the calculations.132
2.3.4

Redox potentials of peroxidase substrates

Different factors are known to contribute to the broad substrate specificity of the enzymes,
with redox potential being one of the crucial ones.126 A comparative study on catalytic
power of horseradish peroxidase, lignin peroxidase and laccase in oxidizing
methoxybenzenes was conducted. Redox potential of each substrate was calculated versus
the saturated calomel electrode resulting in a range between 0.81 V to 1.76 V. Lignin
peroxidase had the highest, and laccase had the lowest number of oxidized congeners. Their
study concluded that oxidizability by the enzymes relates to the redox potential of the
compounds and is not affected by substitution pattern.133 Based on the reduction potentials
reported for HRP, another study has shown that compounds I and II of HRP are able to
oxidize physiological substrates such as nitrate (to nitric oxide) but are not capable of
effective oxidation of chloride ion because of its higher redox potential.134 Xu and his
colleagues studied laccase oxidation of three N-OH compounds such as HOBT. Their data
indicated that the oxidation rate is predominantly influenced by substrate redox potential.
Comparing the oxidation potentials of several fungal laccases it was concluded, a higher
E° of the enzyme or a lower redox potential of the substrate, increases the rate of oxidation.
They suggested initial oxidation of aryl N-OH compounds by laccase is similar to phenol
(aryl C-OH compound) because the rate in both predominantly depends on the substrate E°
and pH, whereas the influence of the pKa and structure of the substrate on the activity of
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the enzyme, are minimal.135 A laccase’s ability to oxidize phenolic substrates with a higher
redox potential than its own indicates that the role of other mechanistic and structural
parameters in enzyme-substrate specificity, should not be disregarded.136

2.4

Ionization energy

Ionization potential or ionization energy is defined as the energy needed for the loss of an
electron from a neutral system and formation of a cationic species in the gas phase. Two
types of ionization energies are considered: adiabatic and vertical. The former considers
the change in the geometry of the molecule upon removal of the electron and is calculated
at zero Kelvin.132 M in following equation denotes the molecule before removing an
electron:
𝑀(𝑔) → 𝑀+ (𝑔) + 𝑒 −
Several studies have indicated that substrate ionization energy imposes a threshold on the
oxidizing ability of the enzyme. Lignin peroxidase was reported to catalyze only the
oxidation of the PAHs with ionization potentials ≤ 7.55 eV.137 Aniline ionization energy in
the gas-phase is lower than the one of phenol which does not match its ease of oxidation in
aqueous solution.108 Halogenation of polycyclic aromatic compounds present in diesel
fuels by chloroperoxidase was achieved only for the substrates with ionization potentials
lower than 8.52 eV. Chloroperoxidase showed higher specific activity towards substrates
with lower ionization energies.138 Another study reported a correlation between ionization
potentials and second-order rate constants for lactoperoxidase transformation of parasubstituted organosulfur pollutants. Also, generation of a sulfur-centered, radical-cation
intermediate for the reactions of lactoperoxidase- and HRP-mediated sulfoxidation of
thioanisoles was observed.139
Despite the conclusions made by several authors137-139 regarding the existing trend between
observed IP and catalyzing ability of peroxidases, a discrepancy in the correlation for
oxidation of 14 PAHs by laccase in a laccase/mediator system has been reported. Several
PAHs, including fluorene, acenaphthylene and acenaphthene, all possessing IPs over 7.8
eV have been degraded with high yield using laccase. These data illustrate that although
34

general correlations between substrate IP and enzyme oxidizing ability have been reported,
extending these results to a large group of compounds such as PAHs with different
chemical and structural variations, might not be completely possible. This classification
might be confined to PAHs with uniform electron density (alternating PAHs). For nonalternating PAHs having non-uniform electron densities, this might be possible only if
benzoid character of the six-membered rings defines the reactivity of the molecule.140
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CHAPTER 3
MATERIALS AND METHODS
3.1

Materials
3.1.1

Enzymes and substrates

Crude dry solid SBP (E.C. 1.11.7, Industrial Grade lot #18541NX) was obtained from
Organic Technologies (Coshocton, OH). Dry solid bovine liver catalase was purchased
from Sigma Aldrich (Oakville, ON). Novo ARP (Arthromyces ramosus peroxidase) (SP502, activity 2000 U/mL) was a donated by Novozymes Inc. (Franklinton, NC).
3-Hydroxyquinoline was purchased from AK Scientific Inc. (Union City, CA) and 1hydroxybenzotriazole was obtained from TCI (Portland, OR). Pyrrole, pyridine, 2-, 3- and
4-hydroxypyridines and 2-, 3- and 4-aminopyridines, thiophene, pyrazole, imidazole,
quinoline, thiazole, indazole, indole, furan, thiol, Atrazine, Amitrole, trimethoprim, 2aminothiazole, 2-aminobenzothiazole, 2-hydroxybenzothiazole, 3-aminopyrazole, 3aminoquinoline, 2-aminoimidazole sulfate, 2-aminobenzimidazole, 2-hydroxyquinoline,
2-aminoquinoline, 3- and 4-hydroxycoumarin, 2-aminooxazole and 2-aminobenzoxazole
were purchased from Sigma Aldrich and were ≥ 95% pure.
3.1.2

Buffers and solvents

Monobasic sodium phosphate, dibasic sodium phosphate, sodium acetate, glacial acetic
acid, concentrated hydrochloric acid and potassium chloride were obtained from ACP
Chemicals Inc. (Montreal QC). Tris (hydroxymethyl)-aminomethane with > 99.8% purity
was purchased from Sigma Chemical Co. (St. Louis, MO). Buffer standards (pH 4, 7 and
10) were from ACP Chemicals Inc. (Montreal QC) and pH 1.68 standard was from Hanna
Instruments (Newmarket, ON).
3.1.3

Other chemicals

4-Aminoantipyrine (4-AAP) was from BDH Inc. (Toronto, ON). Hydrogen peroxide
solution (30%) was purchased from BDH Inc. (Mississauga, ON) and was stored at 4°C.
Phenol with 99% purity was from Aldrich Chemical Corporation (Milwaukee, WI).
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3.1.4

HPLC solvents, columns and filters

HPLC grade acetonitrile and methanol were obtained from Fisher Scientific Co. (Ottawa)
and HPLC water was supplied from BDH Inc. (Mississauga, ON). HPLC grade ammonium
acetate ≥ 99% purity was obtained from Sigma Aldrich (Oakville, ON). Polyethersulfone
syringe filters 0.22 µm with 26 mm diameter were from SARSTEDT (Montreal, QC).
Acrodic 30 mm PVDF syringe filters with 0.2 µm pore size were purchased from
Phenomenex (Torrance, CA). Symmetry C18 Columns, 100Å, 5 µm, 4.6 mm *150 mm
were from Waters Ltd. (Mississauga, Ontario). SeQuant® ZIC®-HILIC analytical PEEK
column 200Å, 5 µm, 4.6 mm *150 was from EMD Millipore Corporation (Billerica, MA)
and PRP-1 PEEK Polymeric (PS-DVB) HPLC column, 100Å, 5 µm, 4.6 mm *150 mm
was from Hamilton Company (Reno, NV).
3.2

Analytical Methods
3.2.1

Buffer preparation

Various buffers were made for the pH range of 1-10, based on Gomori.141 HCl-KCl buffer
was freshly prepared to be used in the range of pH 1.0-2.2. A combination of monobasic
sodium phosphate and dibasic sodium phosphate was used to cover the range of 5.6-8.0.
Citric acid-dibasic sodium phosphate was prepared for the pH range of 2.6-7.0. Tris
(hydroxymethyl)-aminomethane-HCl buffer for the basic range of 4.2-9.0 was used.
Carbonate-bicarbonate buffer system was prepared to cover the range of pH 9.2-10.7.
3.2.2

Enzyme activity assay

The assay reported by Ibrahim et al., for peroxidases, was used to quantify SBP activity.142
Enzyme activity is measured in standard catalytic units (U/mL). 1.0 U is equal to the
amount of enzyme required to convert 1.0 µmol of hydrogen peroxide per minute.
Oxidative coupling of phenol and 4-aminoantipyrine (AAP) in the presence of H2O2 with
SBP (catalyst) produces a pink chromophore at 510 nm. The initial rate of this reaction is
used for SBP activity and measured by a built-in kinetic rate calculation function in the
UV-Vis spectrometer (Appendix A). A concentrated phenol reagent (10X phenol) was
prepared in buffer containing 100 mM phenol and 0.5 M phosphate buffer (pH = 7.4). To
prepare enzyme reagent assay, 5 mL of 10X phenol, 25 mg of solid 4-AAP and 0.2 mM
H2O2 was made up in a 50 mL volumetric flask prior to enzyme activity assay.143
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Different dilutions of enzyme were prepared and 50 μL of diluted enzyme was added into
a quartz cuvette followed by quick addition of 950 μL of freshly prepared reagent. The
contents were mixed and the change in the absorbance at 510 nm is monitored for 30 s.
Dilutions were chosen in a way that the absorbance generated stayed below 1. For the
enzyme activity test performed after enzymatic treatment of substrates, if required, the
sample size was increased accordingly to generate at least 0.2 change in absorbance. This
can be done by mixing 100 μL sample with 900 μL appropriately reformulated reagent or
if not sensitive enough, with mixing 200 μL sample with 800 μL appropriately reformulated
reagent. The final concentration of each component of the reagent was kept constant based
on the sample size, used. More information regarding this assay is provided in Appendix
A.
3.2.3

Residual hydrogen peroxide assay

The residual amount of hydrogen peroxide after enzymatic reaction was determined using
a colorimetric method.144 A reagent was made using phenol and Novo ARP liquid
concentrate at pH 7.4. Upon addition of the reagent to the samples, phenolic radicals
formed through the reaction with ARP and peroxide, couple with 4-AAP and generate a
quinoneimine chromophore (same chromophore as in activity test above) with an
absorbance maximum of 510 nm. The absorbance is checked after 18 minutes so the color
develops fully. Detailed information regarding this assay is provided in Appendix B.
3.3

Analytical equipment
3.3.1

UV-Vis spectrometry

An Agilent diode Array UV-Vis spectrophotometer (model 8453 attached to a Hewlett
Packard Vectra ES/12 computer) with a range of 190 -1100 nm and 1 nm resolution, was
used to monitor the reactions above, as well as measure the λmax of each substrate. The
same wavelength was further used in HPLC analysis of the sample. For the measurements
in UV region, quartz cuvettes with 1 cm path length were obtained from Hellma (Concord,
ON).
3.3.2

HPLC analysis

Substrate concentrations were quantified using a Waters HPLC system with model 1525
binary pumps, 2489 dual absorbance detector, and model 2707 auto-sampler, equipped
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with various columns (section 3.1.4) based on the nature of the substrate. The HPLC is
operated by Breeze 2.0 software. Choice and ratio of the mobile phases, detection
wavelength, flow rate, operating temperature and the type of column used for each
substrate are given in Tables 3-1 and 3-2. The injection volume was kept constant at 10 µL
for all samples. Column temperature was held at 40 °C, unless otherwise stated. Calibration
curves can be found in Appendix C.
Table 3-1. HPLC conditions for substrates run under isocratic elution

Substrate

Pyrrole
Indole
2-AT
2-ABT
3-HQ
3-AQ
3-AP
4-AAP*
2-ABI

Mobile phase ratio

Flow
mL/min

λmax
nm

Column

Pump A

Pump B

30% formic acid (0.1%)
20% formic acid (0.1%)
50% formic acid (0.1%)
50% formic acid (0.1%)
50% formic acid (0.1%)
22% formic acid (0.1%)
50% formic acid (0.1%)
50% ammonium acetate
(5mM)
70% formic acid (0.1%)

70% ACN
80% ACN
50% ACN
50% ACN
50% ACN
77% ACN
50% ACN

0.54
0.60
0.60
0.50
0.60
0.70
0.40

210
269
254
258
330
339
230

Symmetry
Symmetry
PS
PS
PS
PS
PS

50% ACN

0.40

244

HILIC

30% ACN

0.30

280

Symmetry

*Column temperature held at 25 °C
Table 3-2. HPLC conditions for substrates run under gradient elution

Substrate

Time
(min)

Flow
mL/min

Mobile phase ratio
Pump A*

Pump B**

λmax nm

HOBT

0
3.5
8
9
25

1.0
1.0
1.0
1.0
1.0

90%
5%
5%
90%
90%

10%
95%
95%
10%
10%

305

2-AI

0
2
8
9
15

0.60
0.60
0.60
0.60
0.60

90%
5%
5%
90%
90%

10%
95%
95%
10%
10%

210

* Pump A: 0.1% H3PO4

**Pump B: ACN+ 0.1% H3PO4
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3.3.3

Mass spectrometry

All substrates were centrifuged after the enzymatic treatment and the supernatant and
precipitate were separated. Precipitates were washed twice with water to remove the buffer.
Supernatant was filtered through a 0.2 µm PES or PVDF filter. Supernatant, precipitate
and a standard sample of each substrate were run on a Waters Xevo®-G2-XS Tof, equipped
with Atmospheric Solids Analysis Probe (ASAP) or electrospray ionization (ESI), for
product analysis. All measurements were conducted in positive-ion mode for both ASAP
and ESI. For ESI measurements, solutions of analyte were prepared in 50:50 H2O:CH3CN
with 0.1% formic acid and 1 µL injection of them was made into the sample loop provided
with a constant flow of 50:50 water:acetonitrile with 0.1% formic acid. MassLynx V 4.1
software was used for data analysis.
3.3.4

Other instruments

The pH meter was Oakton pH/CON 700 (pH resolution 0.01), connected to an Orion pH
probe (9110DJWP, Ag/AgCl double junction, glass body) (IL., USA) or to a Thermo
Scientific Orion pH Probe (9110DJWP, Refillable/DJ/Glass/Semi-Micro) with ±0.02 pH
accuracy. Centrifugation was done on a Corning LSE compact centrifuge (New York,
USA). VWR International Inc. (Mississauga, ON), supplied the Micro V magnetic stirrers
(0-1100 rpm, model 4805-00) and VWR Magstirrers (100-1500 rpm, model 82026-764).
Various magnetic stir bars were purchased from Cole-Parmer Canada Inc. (Montreal, QC).
3.4

Experimental protocol
3.4.1

Oxidative polymerization of target heterocyclic aromatics with

SBP
All reactions were conducted in 30 mL glass batch reactors in triplicate, unless otherwise
stated. The reactions were not temperature controlled and were performed at ~ 19-25 ° C.
The enzymatic treatment of synthetic wastewater was formulated for 95% removal of each
substrate (except in pH optimization), in 20 mL solution. The reaction medium was
comprised of 0.5 or 1.0 mM of a single heterocyclic aromatic in 40 or 10 mM buffer along
with SBP. Hydrogen peroxide was added last to start the reaction. After stirring the mixture
for 3 hours by Teflon-coated magnetic stir bars, 100 µL catalase stock solution (0.5 g/100
mL) was added to quench the reaction by consuming residual hydrogen peroxide. The
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amount of catalase was calculated to be in excess to make sure it consumes the peroxide
immediately upon addition to the mixture. Samples were microfiltered using 0.2 µm PES
or PVDF syringe filters and analyzed by HPLC for the residual substrate in solution after
treatment.
3.4.2

Optimization of important reaction parameters

The most important reaction parameters, pH, enzyme activity, peroxide concentration and
reaction time were studied for all heterocylic aromatic substrates. For pH and peroxide
optimization, the reactions were run under enzyme stringency conditions in which SBP is
limited so the effect of each parameter on the reaction can be clearly determined. Every set
of batch reactors had a pair of blanks, formulated in the same manner as samples. One
blank was lacking peroxide to check the effect of enzyme on the substrate and the other
one did not have enzyme, to monitor the effect of peroxide alone on the substrate.
For pH optimization, the pH was altered from 1.0 to10.0 using buffer systems mentioned
in section 3.2.1. The reactions were run for 3 h, quenched with catalase and microfiltered
before HPLC analysis. After determining the appropriate range, the reaction was repeated
with a smaller range and shorter intervals between points. pH optimization was also
repeated after optimizing the amount of enzyme to ensure the right pH was chosen.
pH optimization was followed by enzyme and peroxide optimization. The reaction was
formulated for 95% removal of target compound, at optimum pH. Catalase addition and
filtration was done in the same way as for pH optimization. If 95% removal was not
achieved during optimization, a residual peroxide and enzyme assay was used to determine
if the amount of peroxide or enzyme was the limiting factor and the experiments were
reformulated appropriately.
Reaction time dependence was investigated using optimal pH, enzyme activity and
peroxide concentration for 3 h. A single batch reactor with 200-300 mL volume was set
up. Samples (10 mL) were taken at short time intervals, quenched with catalase and
vortexed to stop the reaction. Later, samples were microfiltered with pre-conditioned filters
and analyzed for residual substrate by HPLC.
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3.4.3

Effectiveness of incremental addition of H2O2

Because SBP is susceptible to peroxide inactivation, 120 The effect of stepwise addition of
hydrogen peroxide was determined for substrates not achieving 95% removal after
enzymatic treatment. To be able to compare the effect of incremental addition of hydrogen
peroxide, two sets of peroxide optimizations were set up. In the first set, peroxide was
added all at once in the beginning of the reaction. For the other one, peroxide was added in
4 increments, every 45 minutes, to reach the same final concentration at the end. After 3 h
stirring, half of the reaction mixture, was microfiltered to be used for residual enzyme assay
and HPLC analysis. The other half of the mixture was microfiltered and the residual
peroxide was measured using a colorimetric assay.
3.4.4

Preliminary identification of products

Reaction mixtures were analyzed for the identification of possible polymerization products
by MS. A batch reactor was set up using optimal pH, enzyme activity and peroxide
containing 10 mM of respective buffer. The amount of buffer was reduced to decrease the
negative effect of buffer ions on MS analysis. After three hours, the reaction mixture was
quenched with catalase and centrifuged for 20 minutes at 4000 rcf. The precipitate was
collected and washed twice with water and analyzed along with the supernatant and a
standard sample of the substrate.
3.5

Computational protocol

All calculations were performed by Paul Meister in Dr. Gauld’s group using the Gaussian
09145 suite of programs. The density functional theory method, B3LYP146,147, in
combination with the 6-31G(d) basis set was used for all optimization and frequency
calculations. Single-point energy calculations were performed at the B3LYP/6311+G(2df,p) level on studied structures for a more accurate estimation of the energy.
Solvation was employed using the default self-consistent polarizable continuum model
(IEFPCM)148-151, and the SMD model161, as implemented in G09. The SMD model includes
a free energy term for cavitation, dispersion, and solvent structure, a feature exclusive to
this family of methods and allows for determination of the non-electrostatic contribution
to redox potential. Solvation is modelled by single-point calculations at the same level as
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optimization as inclusion of corrections. The use of the 6-31G(d) is supported due to its
extensive use in the parameterization and testing of these two solvation models.
The reduction potential calculations were conducted from first-principles as described by
Llano and Eriksson153. Reactants and products were initially optimized in the gas phase.
Frequency calculations were performed to account for free energy corrections. It should be
noted, the contributions to the chemical potential from solvation can be separated into the
electrostatic component and non-electrostatic component in the SMD model. As such, a
comparison was made between the potentials calculated using the default solvation method
and the two contributions from the SMD model. Inclusion of all corrections allows
calculation of the reduction potential corrected against the Standard Hydrogen Electrode
for both the proton-coupled electron transfer as well as the electron transfer processes.
3.6

Sources of error

No analysis is free of uncertainty. This uncertainty is due to either random errors or
systematic errors. Random errors happen due to the limitations of the instruments used and
cause statistical variation in the results. In order to decrease random errors in this research,
a standard was run along with the samples in all experiments. Experiments were performed
in triplicate (except time dependence), and the average was plotted on the graphs. Standard
deviation of each triplicate set was calculated and shown on each graph. If the standard
deviation was ≥ 5%, the data for that point was collected again. For the data points with
very small deviation (<1%), the error bar is embedded in the icon and not visible. During
enzyme activity test, the average of three runs for each dilution was taken. The activity of
the enzyme was checked every day prior to the experiment to ensure the use of correct data.
Systematic errors are errors that are constant and happening repeatedly over the time. This
error will not be eliminated by averaging or increasing the number of experiments. To
avoid systematic errors, the pipets and analytical balance were calibrated. Substrate stock
solutions, reagents and buffers were prepared fresh to decrease the chance of aging,
oxidation, precipitation or any other side reaction.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1

Effects of pH, enzyme activity, H2O2 concentration and reaction time on
enzymatic polymerization of heterocyclic aromatics

One of the most important factors in industrial application of enzymes is their stability.
Changes in the pH of the solution influence enzyme structure and ionization state of amino
acid side chains participating in acid-base reactions.154 Conformational stability of soybean
peroxidase is defined by special interaction between its heme and amino acid residues. As
a result, parameters affecting the active site, such as pH, can have a profound effect on the
conformational stability of the enzyme.104 In general, an enzyme can regain its activity after
being exposed to weakly acidic or basic solutions, if it is incubated later in a medium with
optimal pH. However, if these variations in pH cause a change in overall structure of the
enzyme, the change in activity may not be reversible.154
Compared to other similar enzymes such as HRP, SBP has a more solvent-exposed heme
edge, causing a profound pH dependence in its catalytic activity. The maximum catalytic
activity of SBP for ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid))
oxidation is observed at pH 5.5, presumably because of enhanced conformational
flexibility of the enzyme. This leads to a 20-fold increase in the catalytic efficiency of SBP
compared to HRP, at its optimum pH.104 The pH at which soybean peroxidase transforms
the substrate with highest efficiency is considered its optimum pH. The determination of
optimum pH is made under a stringent condition in which the experiments are run with
insufficient SBP activity to complete the reaction, in order to clearly mark the optimum
point (≥ 20% remaining of substrate).93 Several preliminary pH experiments were
conducted in the pH range of 1.0-10, to distinguish the amount of enzyme leading to the
stringent condition for each substrate (data not shown). Later on, the pH optimization was
conducted over a narrower range including the optimum point (data reported here). For
these experiments, the peroxide concentration was generally chosen as 1.5- 2.0 times the
molar organic substrate concentration, based on previous studies in the lab with a wide
range of mono-functional substrates.
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The contribution of enzyme cost to the economics of enzymatic treatment might make it
one of the greatest barriers in industrializing this method. Optimizing the amount
of enzyme to treat target pollutants can enhance the cost-effectiveness. Enzyme
optimization experiments were conducted using the optimum pH range for 0.5 or 1.0 mM
substrate. The experiments were formulated to reach ≥ 95% removal of the substrate using
minimum SBP concentrations required. Concentration of hydrogen peroxide was held in a
way that it does not become limiting during the experiment. Enzyme optimization was
repeated for the substrates in which the optimum amount of hydrogen peroxide was shown
to be different from what was used in SBP optimization. The graphs presented are the final
optimizations of each substrate.
Hydrogen peroxide is the co-substrate in soybean peroxidase reactions. In general, it is
essential for any peroxidase-based reaction. Upon reaction of peroxide with SBP, the
radical form of the enzyme (Compound I), is generated which then reacts with organic
substrate. However, the presence of excess hydrogen peroxide can result in enzyme
inactivation through the formation of the Compound III from Compound II. On the other
hand, sub-optimal concentrations of peroxide might result in poor degradation efficiency
of the recalcitrant compounds. Based on the oxidation-reduction mechanism of peroxidases
presented in Section 2.2.2, there is a 1:2 molar ratio between the hydrogen peroxide
consumed and the aromatic functional groups converted. This ratio is subject to change
depending on the treatment conditions. Catalase activity of peroxidases and the formation
of higher oligomers from the first-formed dimers can increase peroxide consumption in the
course of treatment.100 In order to determine the optimum hydrogen peroxide concentration,
batch reactors were run at the previously determined optimum pH of each substrate with
optimum amount of enzyme for 3 hours to achieve ≥ 95% removal. The optimized
conditions and removal efficiencies for each substrate are summarized at the end of Section
4.1. For substrates having < 95% conversion, the effect of stepwise addition of peroxide
compared to one-step addition, in increasing the removal efficiency, was studied (except
for 4-AAP). The batch reactors were always run with 2 controls prepared in the same way
as samples. One did not contain enzyme and one did not have peroxide. These controls
routinely (except as noted) showed ≥ 95% of the substrate remaining.
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One of the important parameters while designing a reactor for treating the wastewater is
detention or contact time, the time needed for the treatment. Detention time influences the
reactor size which plays a key role in the overall cost of a treatment plant. Analysis of
reaction time to achieve proper degradation of pollutants provides useful information
regarding the way substrate interacts with enzyme. Following pH, enzyme and peroxide
optimization in this research, a 3-hour reaction was formulated under optimized conditions
to study the effect of time on the reaction. Aliquots were taken periodically, quenched with
catalase, microfiltered and analyzed by HPLC to detect residual substrate concentration at
each time. At the end of this section the kinetic data is summarized in a table and the
respective normalized half-lives are reported.

4.1.1

Pyrrole

The effect of pH on the conversion of pyrrole is shown in Figure 4-1. The experiments
were run in triplicate for 3 h under SBP stringency. Figure 4-1 clearly indicates the optimal
pH for pyrrole enzymatic conversion is in the acidic range. The optimum range of pH is
taken as that in which the conversion of the substrate is within 5% of the maximum
transformation. For pyrrole, the change around the optimal pH (1.6) was found to be more
than 5% thus, pyrrole was considered to show a very narrow optimum pH range. For
pyrrole, the control containing peroxide always showed 4-6% removal due to chemical
oxidation in the presence of H2O2. SBP is known to show a bell-shaped pH dependence
curve and be active over a wide range of pH from 2.0 to 10.0.155 This result indicates,
although the enzyme might show much lower catalytic activity at acidic pHs, it is still
capable of catalytic conversion of the substrates in this low range. Enzymatic
polymerization of pyrrole and indole with SBP, for synthesizing conductive polymers, as
an environmentally friendly alternative for chemical polymerization, has been
investigated.156-158 Bouldin et al., reported polymerization of pyrrole using soybean
peroxidase as catalyst in the presence of poly(sodium 4-styrenesulfonate) (PSS) as a
charge-balancing dopant to produce a water dispersible conductive polymer. The reaction
was conducted in 100 mM citrate buffer pH 3.5.157 Enzymatic synthesis of conducting copolymers of pyrrole and 3,4-ethylenedioxythiophene using SBP in the presence of PSS
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template has been reported in the pH range of 2.0-5.0. However elevating the pH above
3.0, decreased the polymerization efficiency.158 The same group had reported the
polymerization previously, using a poly (ethylene glycol)-modified hematin at pH 1.0.159
It should be noted that although SBP polymerization of heterocyclic aromatics might be of
interest in production of conducing polymers and biosensors, the goal of this study was
exploring new SBP substrates (rather than classic substrates, such as phenols and anilines)
for treatment of wastewater. Altering the pH of the wastewater to very acidic for such
treatments, might lead to an effective removal, but the cost associated with such changes
and re-adjusting it after treatment, might not be reasonable for a given site.
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Figure 4-1. pH optimization for pyrrole
Batch reactor conditions: 1.0 mM pyrrole, 40 mM respective buffer, 3.0 U/mL SBP and 1.5 mM H 2O2

Figure 4-2 indicates enzyme optimization of pyrrole conducted in optimal pH. The graph
shows a very gradual increase in removal efficiency of substrate with increasing the amount
of enzyme. Thus, 5.0 U/mL of enzyme resulted in transformation of 70% of the substrate.
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Figure 4-2. Enzyme optimization for pyrrole
Batch reactor conditions: 1.0 mM Pyrrole, 40 mM pH 1.6 buffer, 1.5 mM H 2O2

To investigate the possibility of achieving more than 90% removal of the substrate, another
enzyme optimization was performed (Appendix D). Increasing the amount of enzyme from
5.0 to 11.0 U/mL increased the removal efficiency to 95%. For each 0.5 U/mL of enzyme
added, only 2-5% improvement in efficiency was observed. Although higher treatment
efficiency was achieved, the cost of such increase due to high enzyme demand, makes such
a treatment of questionable utility. For pyrrole, 5.0 U/mL of SBP was chosen for further
experiments. Clearly pH and enzyme optimization for pyrrole have shown this substrate
might not be a good candidate for enzymatic treatment of wastewater. Subsequent
substrates in this study were not investigated beyond 5.0 U/mL.
Bouldin et al., reported SBP polymerization of pyrrole in acidic pH using SBP for the
formation of conductive polypyrrole with more linear structure.157 SBP co-polymerization
of pyrrole and 3,4-ethylenedioxythiophene in the presence of PSS was also studied in pH
range of 2.0-5.0 and the resulting conducting polymer showed increasing conductivity with
increasing pyrrole incorporation.158
Peroxide optimization of pyrrole was carried out in optimal pH and 5.0 U/mL SBP activity,
varying the concentration of peroxide from 0.5 to 2.0 mM. Figure 4-3 indicates that
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increasing the concentration of hydrogen peroxide over 1.0 mM, resulted in a lower
treatment efficiency. This might be due to inactivation of SBP through the formation of
compound III in the presence of excess peroxide, resulting in lower degradation of pyrrole.
Bouldin et al. reported the same 1:1 peroxide-pyrrole molar stoichiometry in acidic
solution (pH 3.50).157 Furthermore, co-polymerization of 100 mM pyrrole with 3,4ethylenedioxythiophene, 100 mM hydrogen peroxide and achieved more than 90%
polymerization yield in acidic solution.158
Utilizing the optimized parameters, a time course study for catalytic oxidation of pyrrole
was set up. It can be seen from Figure 4-4 that the reaction starts so fast that almost 50%
of the substrate is converted in less than 1 minute. The reaction gradually slowed down
after the first minute. The reaction follows first-order kinetics after the fast phase (1 -15
min) which is shown in Figure 4-5. First-order reaction can be described mathematically
as:
𝑙𝑛 [𝐴] = −𝑘𝑡 + 𝑙𝑛[𝐴]0
Where [A] is concentration of organic compound at time t, [A]0 is the initial concentration
and k is the decay rate constant.
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Figure 4-3. Hydrogen peroxide optimization for pyrrole
Batch reactor conditions: 1.0 mM Pyrrole, 40 mM pH 1.6 buffer, 5.0 U/mL SBP
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Figure 4-4. Time dependence of pyrrole degradation under optimal conditions
Batch reactor conditions: 1.0 mM pyrrole, 40 mM pH 1.6 buffer, 5.0 U/mL SBP and 1.0 mM H 2O2

In the above equation, replacing [A] with [𝐴]0 ⁄2 and solving for t, will give the halflife (𝑡1/2 ), which is the amount of time taken for half of the initial substrate to be used up.
𝑡1/2 =

0.693
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Figure 4-5. First-order degradation of pyrrole at the beginning of the reaction presented in Figure 4-4
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Using the equation of the line in Figure 4-5, the slope of the line is equal to –𝑘. Thus using
the equation of half-life we can calculate the half-life of pyrrole for the first 15 minutes of
the slow phase (1 – 15 min) of the reaction under the given conditions as, 𝑡1/2= 0.82 ±
0.05 h (half-life for the fast phase is ca. 50-fold shorter). There is no expectation of the
reaction to stay first-order for the whole course of the reaction because the rate constant is
directly related to enzyme concentration and enzyme activity is expected to decline with
time. For all the substrates in this research, the rate in the initial stages of the reaction has
been used to obtain the reaction half-life. For pyrrole the first-order fit only could be used
in the slower phase of the time course from 1 to 15 minutes of the reaction.
4.1.2

Indole

The effect of pH on the conversion of indole (benzopyrrole), is shown in Figure 4-6. Using
≥ 0.5 U/mL enzyme for pH optimization of indole led to more than 90% removal of the
substrate in some pH’s (Appendix E). Therefore, a stringent amount (0.25 U/mL) of
enzyme was chosen to clearly mark the optimum pH of the reaction.
For indole, pH 1.6 and 1.8 had the highest transformation with almost 70% conversion of
the substrate. Moving away from the optimal pH of indole, resulted in almost 20% decrease
in the substrate conversion. The data indicates drastic decrease in conversion efficiency
with pH > 2.6 with only 20% conversion of indole by SBP. Thus, both pyrrole and indole
have very narrow pH optima in the extremely acidic range. Although SBP has its highest
catalytic activity at pH 5.5, its ability to react in acidic solution (pH 2.0) has been
previously reported.119 Enhanced oxidation potential of SBP in acidic medium was
suggested to account for its ability to catalyze the reaction in such conditions.119
Contrary to pyrrole, indole was much more sensitive to the amount of enzyme present,
Figure 4-7. Using 10 times less enzyme compared to pyrrole, resulted in almost complete
removal of indole from the solution. For further work, 0.45 U/mL was chosen as the
optimum SBP concentration for indole. Since optimal pH of the reaction for both substrates
is the same, different molecular interactions with the amino acid residues due to structural
differences of substrate might play an important role in the reactivity of SBP towards them.
Experimental data as well as computational docking for SBP has shown the mode of
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interaction of substrate with key active site residues (Ser 73, Arg 38, and Asn 135, for
SBP), has a great impact on reactivity of enzyme towards substrates.160
Polymerization of indole with SBP for production of fluorescent conjugated material, has
been reported. The reaction was conducted in the presence of Triton X-100 (a non-ionic
standard) or PSS for polymerizing indole monomer. Characterization of polymeric
products indicated the presence of three distinct types of non-planar indole polymers.156
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Figure 4-6. pH optimization for indole
Batch reactor conditions: 1.0 mM indole, 40 mM respective buffer, 0.25 U/mL SBP and 1.5 mM H2O2

Hydrogen peroxide consumption under the previously determined optimal pH and enzyme
activity is shown in Figure 4-8. Addition of ≥ 1.25 mM of hydrogen peroxide resulted in ≥
95 % removal of the substrate from the solution.
Conversion of indole was monitored with respect to time at the previously determined
optimal pH, enzyme activity and hydrogen peroxide concentration (Figure 4-9). The
reaction was very fast during the first minute resulting in almost 70% removal of indole.
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Figure 4-7. Enzyme optimization for indole
Batch reactor conditions: 1.0 mM indole, 40 mM pH 1.6 buffer and 1.5 mM H2O2
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Figure 4-8. Hydrogen peroxide optimization for indole
Batch reactor conditions: 1.0 mM indole, 40 mM pH 1.6 buffer and 0.45 U/mL SBP

It is observed that 90% conversion of the substrate was reached within 60 minutes; after
the first hour, the reaction slowed down and the remaining substrate was transformed
during the remaining 2 hours. The time dependence experiment of indole (60 minutes time
course), using a sub-optimal concentration of enzyme (0.25 U/mL) at optimal pH and
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hydrogen peroxide concentration, showed the same pattern (data not shown). The
concentration of substrate decreased by almost 40% during the first minute of the reaction.
From the first minute to the end of the reaction (60 minutes), another 20% gradual decrease
of concentration was observed. Comparing pyrrole and indole time courses under
respective optimal condition, SBP removal of both substrates proceeded very quickly
during the first minute of the reaction, with higher conversion efficiency for indole. The
reactions slowed down subsequently and reached 70% and 90% removal within the first
hour, for pyrrole and indole, respectively.
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Figure 4-9. Time dependence of indole degradation in optimal conditions
Batch reactor conditions: 1.0 mM indole, 40 mM pH 1.6 buffer, 0.45 U/mL SBP and 1.25 mM H2O2

Using time dependence of indole, first-order degradation of indole in the 1-15 minute
period of the reaction can be plotted. Using the equation of half-life we can calculate the
half-life of indole for the 1-15 minute period of the reaction under the given conditions as,
𝑡1/2= 0.42 ± 0.02 h. the initial fast phase clearly has a half-life < 1 minute.
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Figure 4-10. First-order degradation of indole at the beginning of the reaction presented in figure 4-9

Pyrrole and indole, both show very acidic pH optima and the pH optimizations for both
samples were conducted prior to optimizing other important parameters. After optimizing
the amount of peroxide and activity of the enzyme for both, pH optimization was repeated
for both under optimal conditions (data not reported). No change in the optimal pH of the
substrates was observed.
4.1.3

2-Aminothiazole

Figure 4-11 shows the pH optimization of 2-AT in the range of 4.0-8.0. Results show 2AT having an optimum pH range of 5.6-7.0 with almost 70% removal of the substrate.
Further pH optimization repeated with 2.0 mM hydrogen peroxide clearly indicates pH 6.0
as the optimum pH (Appendix F). To determine the minimum enzyme concentration at
which 95% conversion of substrate was achieved at optimum pH for 2-AT, experiments
were run at optimum pH, in the range of 2.5-5.0 U/mL of enzyme (Figure 4-12). Increasing
the amount of enzyme to 3.5 U/mL had a small effect on % removal, while further addition
of enzyme up to 5.0 U/mL had no additional effect. It should be noted that during the
experiment 3-4% chemical oxidation of 2-AT was observed with hydrogen peroxide alone.
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Figure 4-11. pH optimization for 2-aminothiazole
Batch reactor conditions: 1.0 mM 2-AT, 40 mM respective buffer, 3.0 U/mL SBP and 1.5 mM H2O2

For the sake of consistency in this work, the optimizations will be reported in order of, pH,
enzyme activity, peroxide concentration and time. Increasing the amount of enzyme from
3.0 to 5.0 U/mL had almost no effect on treatment efficiency so 4.0 U/mL SBP was used
for peroxide optimization. Peroxide optimization of 2-AT is shown in Figure 4-13.
Increasing the concentration of hydrogen peroxide to 2.0 mM, resulted in 84% conversion
of the substrate and was chosen as the optimum concentration. The efficiency of treatment
of 2-AT was quite sensitive to the concentration of H2O2. For instance, increasing the
peroxide concentration from 2.0 to 2.5 mM, reduced the efficiency by almost 11%.This
might be explained by suicide inactivation of SBP in the presence of excess hydrogen
peroxide. It is noted that 2-AT does not follow the peroxide stoichiometric requirement
expected for 1.0 mM substrate. The extra peroxide consumption might be due to the
catalase activity of enzyme or the peroxide demand of the reaction products (additional
oligomerization).110
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Figure 4-12. Enzyme optimization for 2-aminothiazole
Batch reactor conditions: 1.0 mM 2-AT, 40 mM pH 6.0 buffer and 2.0 mM H2O2
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Figure 4-13. Hydrogen peroxide optimization for 2-aminothiazole
Batch reactor conditions: 1.0 mM 2-AT, 40 mM pH 6.0 buffer and 4.0 U/mL SBP

Enzymatic conversion of 2-mercaptobenzothiazole (2-MBT) using SBP as catalyst, has
been previously reported by our group.161 The optimum pH was found to be in the range
8.0 to 9.0 under a stringent enzyme condition. The removal efficiency became insensitive
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to pH in the range of 6.0-8.8 with increasing amount of enzyme. For MBT, 0.9 U/mL SBP
was needed for transforming 95% of it in the absence of the additive PEG. Whereas
addition of 50 mg/L PEG to the reaction medium decreased the amount of SBP needed for
the conversion to 0.3 U/mL.161 Unlike 2-AT peroxide demand, the optimum amount of
peroxide for conversion of 1.0 mM MBT was found to be 0.6 mM. This is because of the
presence of thiol functional group in MBT which makes it susceptible to chemical
oxidation in presence of larger amounts of peroxide and/or because the end product of the
reaction was a disulfide, a sulfur-coupled oxidative dimer. In fact, MBT could be
chemically converted with high efficiency (95%) in the presence of 3.0 mM hydrogen
peroxide, alone.161
Recently degradation of a thiazole based dye (thioflavin T) by chloroperoxidase has been
reported. The thiazole dye at 25 ppm was treated using 10 nM CPO in the presence of 1.0
mM hydrogen peroxide at pH 2 (50 mM citrate buffer).162 No treatment efficiency was
reported for an hour-long CPO treatment. It should be noted that chloroperoxidase
substrates can be treated by the enzyme in 3 different ways. They can be treated in the
presence of peroxide and a halogen anion (chloride, bromide, or iodide) and generate
halogenated products. They also can be oxidized in a halogen anion-dependent reaction or
be oxidized in the absence of any halogen. Depending on the nature of reaction happening,
CPO has different pH optima. For the reactions happening in the presence of peroxide
alone, CPO has a pH optimum below 4.0.163 This might explain the difference between the
optimal pH observed during the treatment of thiazole substrates using SBP and CPO. The
optimum pH optima for SBP treatment of 2-AT and 2-MBT are effective range observed
for treatment of phenolic substrates, between pH 6.0 and 9.0.144
The enzymatic transformation of 2-AT was monitored for 3 hours under the optimal
conditions mentioned previously. As seen in Figure 4-14, 50% of the substrate was
converted at the first 30 minutes of the reaction (no initial fast phase observed). The
exponential decay rate of 2-AT (Figure 4-15), shows a first-order profile for the 0-30
minute period of the reaction. The reaction rate slows down and reaches almost 85%
removal efficiency in 3 h. The half-life for the first 30 minutes of the reaction is calculated
to be 0.55 ± 0.01 h.
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Figure 4-14. Time dependence of 2-AT degradation in optimal conditions
Batch reactor conditions: 1.0 mM 2-AT, 40 mM pH 6.0 buffer, 4.0 U/mL SBP and 2.0 mM H2O2
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Figure 4-15. First-order degradation of 2-AT at the beginning of the reaction presented in Figure 4-14

Comparing 2-AT and MBT time courses, it was stated that enzymatic conversion of MBT
halted after the first 3 minutes and the remaining transformation was carried out by
chemical conversion by hydrogen peroxide.161
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4.1.4

2-Aminobenzothiazole

The results of 2-ABT pH optimization are shown in Figure 4-16. 2-Aminobenzothiazole
showed very poor treatment efficiency. The best pH range was found to be 6.5-7.5 with an
optimum of pH 7.0. Both 2-AT and 2-ABT, were transformed best around neutral pH but
2-MBT has an optimum around pH 8.0 and shows much better conversion efficiency.144
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Figure 4-16. pH optimization for 2-ABT
Batch reactor conditions: 0.5 mM 2-ABT, 40 mM respective buffer, 1.5 U/mL SBP and 0.75 mM H2O2

Enzyme optimization of 2-ABT was conducted at optimum pH in the range of 1.0-5.0
U/mL of enzyme, Figure 4-17. Increasing the amount of enzyme to 4.5 U/mL resulted in
almost 23% removal of the substrate from the solution in 3 h. Further increase in the
amount of enzyme used, did not have a positive impact on treatment efficiency. Hydrogen
peroxide consumption during enzymatic treatment of 2-ABT was optimized under the
previously determined optimal pH and enzyme activity (4.5 U/mL), Figure 4-18. As seen,
addition of more enzyme, during the peroxide optimization compared to the 0.75 U/mL
used for pH optimization, increased the removal efficiency. Using 0.75 mM hydrogen
peroxide resulted in 30% removal of the substrate from the solution, indicating the
optimum peroxide concentration.
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Figure 4-17. Enzyme optimization for 2-ABT
Batch reactor conditions: 0.5 mM 2-ABT, 40 mM pH 7.0 buffer and 0.75 mM H2O2

Increasing the H2O2 concentration beyond the optimum, by 0.25 mM, decreased the
efficiency by almost 10% and sub-optimal peroxide concentration (0.5 mM) has almost the
same effect on the treatment efficiency. Increasing the amount of peroxide over 1.5 mM
resulted in almost no substrate removal which might be caused by inactivation of SBP in
the presence of excess hydrogen peroxide. It can be clearly noted, although both 2-ABT
and 2-AT show neutral pH optima, the efficiency of treatment of 2-ABT was only 20% at
the optimum pH. Although the initial concentration of 2-ABT in this reaction is half that
of 2-AT, with very close optimal pH and enzyme activity, they result in very different
removal efficiencies. 2-ABT and 2-AT have been shown to be sensitive to the
concentration of hydrogen peroxide but, unlike 2-MBT, the presence of higher
concentrations of H2O2 during the reaction did not result in chemical oxidation of the
substrates in the blanks. 2-MBT showed much better conversion efficiency.144
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Figure 4-18. Hydrogen peroxide optimization for 2-ABT
Batch reactor conditions: 0.5 mM 2-ABT, 40 mM pH 7.0 buffer and 4.5 U/mL SBP

Comparing the peroxide-substrate ratios for 2-AT, 2-ABT and the previously reported 2MBT144, 2-AT and 2-ABT need almost 1.5-2.0 molar equivalents of hydrogen peroxide.
For 2-MBT, the lower optimum peroxide ratio found (0.6) was the result of substrate
susceptibility to chemical oxidation in presence of higher concentration of hydrogen
peroxide and/or the fact that the end-product was an oxidative dimer.
Using optimized parameters, the time course study for degradation of 2-ABT was
conducted. Figure 4-19 shows that 11% of the substrate is converted in the first 3 minutes
of the reaction but it takes almost another 80 minutes for an additional 9% to be converted
and another 90 minutes for an additional 7% conversion to happen. Comparing time
dependence data for 2-ABT and the previously reported 2-MBT,144 a fast conversion of the
substrate in the first 3 minutes, is observed for the former. The reaction slows done for both
substrates after 3 minutes although the efficiency of removal of 2-MBT is much higher
than 2-ABT. First-order degradation of 2-ABT in the slower phase of the reaction is shown
in Figure 4-20. The half-life of 2-ABT for the period 3-30 minutes of the reaction under
the given conditions is, 𝑡1/2= 12.0 ± 0.00021 h. Although 2-AT and 2-ABT do not have
the same optimal amounts of the enzyme, based on the close proximity of the optimal
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conditions, we can qualitatively conclude that at the beginning the reaction of 2-AT
proceeds twice as fast as the slow phase of 2-ABT.
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Figure 4-19. Time dependence of 2-ABT degradation in optimal conditions
Batch reactor conditions: 0.5 mM 2-ABT, 40 mM pH 7.0 buffer, 4.5 U/mL SBP and 0.75 mM H2O2
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Figure 4-20. First-order degradation of 2-ABT at the beginning of the reaction presented in Figure 4-19
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4.1.5

3-Hydroxyquinoline

The pH range studied for 3-hydroxyquinoline was 5.0-10.0, Figure 4-21. 3-HQ shows a
narrow optimum pH range of 8.0-8.6. Increasing the alkalinity by 0.2 units above pH 9.0,
drastically decreased the % conversion to almost none. As seen from the graph, removal of
3-HQ was more affected by pH variations in the alkaline range. This might be due to the
decrease in catalytic activity of SBP in this condition as the enzyme activity drops to 10%
of its optimum at pH 9.0 and quickly levels off at pH 10.0, during the treatment of
phenol.155 For 3-HQ, pH 8.6 showed the highest substrate transformation and was taken as
optimum pH for further experiments. Enzyme optimization of 3-HQ was conducted at
optimum pH as shown in Figure 4-22. This range was chosen because preliminary enzyme
optimizations (data not shown) using > 0.2 U/mL SBP resulted in ≥ 95% removal of the
substrate from the solution. As seen from the graph, 95% removal can be achieved with
enzyme activity of 0.1 U/mL.
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Figure 4-21. pH optimization for 3-HQ
Batch reactor conditions: 0.5 mM 3-HQ, 40 mM respective buffer, 0.05 U/mL SBP and 0.75 mM H 2O2
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Figure 4-22. Enzyme optimization for 3-HQ
Batch reactor conditions: 0.5 mM 3-HQ, 40 mM pH 8.6 buffer and 1.0 mM H2O2

The hydrogen peroxide consumption for the enzymatic conversion of 3-HQ was monitored
during the reaction under the previously determined optimum pH using 0.05 U/mL of
enzyme Figure 4-23, showing an optimum range of 0.75-1.0 mM resulting in 80%
conversion of the substrate. Moving away from the optimum point (1.0 or 0.75 mM) and
increasing the amount of peroxide to 2.0 mM, decreased the removal efficiency by 20%.
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Figure 4-23. Hydrogen peroxide optimization for 3-HQ
Batch reactor conditions: 0.5 mM 3-HQ, 40 mM pH 8.6 buffer and 0.05 U/mL SBP
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Since two optimum points were observed for peroxide optimization of 3-HQ, enzyme
optimization was repeated using 0.75 mM H2O2 (Figure 4-24). Comparing both enzyme
optimizations, using 0.75 mM hydrogen peroxide, 0.2 U/mL of enzyme was needed to
achieve 87% transformation of 0.5 mM 3-HQ. On the other hand, when using 1.0 mM of
peroxide, only 0.05 U/mL of enzyme is sufficient for the same transformation. 1.0 mM was
chosen as the optimum amount of peroxide for enzymatic conversion of 3-HQ.
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Figure 4-24. Enzyme optimization for 3-HQ with 0.75 mM H2O2
Batch reactor conditions: 0.5 mM 3-HQ, 40 mM pH 8.6 buffer and 0.75 mM H2O2

Laccase from the white rot fungus Trametes pubescens has been used for enzyme-catalyzed
polymerization of 1.7 mM of 8-hydroxyquinoline. Enzymatic conversion of 8hydroxyquinoline was conducted for 24 h, using acetate buffer at pH 5.0 along with 2-3
U/mL laccase (one unit of activity was the amount of enzyme oxidizing 1 µmol of ABTS
per min at 25 °C). The highest conversion efficiency achieved was 76% at 30 °C.164
Shridhara and his colleagues investigated the mechanism of 8-hydroxyquinoline-5sulfonate radical polymerization using HRP as catalyst in a 3 h reaction. Their experiment
was conducted at neutral pH 7.0 with ~ 0.18 mM H2O2 and 1000 units of the enzyme for
conversion of 0.2 g of the substrate.165 It should be noted that hydroxyl group substitution
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on position 8 of the quinoline makes it a phenol, a classic substrate of SBP. For 3-AQ and
3-HQ, substitution falls on the heterocyclic ring of the quinoline. Polymerization of 0.5
mM 1-naphthol with HRP has been carried out at pH 7.0 along with 1.6 U/mL (one unit
was defined as the amount of HRP that formed 1.0 mg purpurogallin from pyrogallol in 20
sec. at pH 6.0 at 20 °C).166
Under optimal conditions the time course of 3-HQ was studied, Figure 4-25. As seen, the
reaction proceeded rapidly at the start, then slowed down after 30 min. Almost 80% of the
substrate was transformed during the first 30 minutes of the reaction but another 150
minutes were required to reach more than 95% removal efficiency. Figure 4-26, illustrates
the first-order dependence of 3-HQ degradation in the first 30 minutes of the reaction.
From the equation of the line in Figure 37, the half-life for the first 30 minutes of the
reaction under given condition was calculated for 3-HQ as 0.20 ± 0.01 h.
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Figure 4-25. Time dependence of degradation of 3-HQ in optimal conditions
Batch reactor conditions: 0.5 mM 3-HQ, 40 mM pH 8.6 buffer, 0.1 U/mL SBP and 1.0 mM H2O2
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Figure 4-26. First-order degradation of 3-HQ at the beginning of the reaction presented in Figure 4-25

4.1.6

3-Aminoquinoline

For 3-aminoquinoline, pH optimization experiments were conducted in the pH range of
3.0-7.0 as shown in Figure 4-27. Compared to 3-HQ which had an optimum pH range 8.08.6, a broader optimum pH range 4.0-6.0, was observed for 3-AQ. Decreasing the pH by
one unit below pH 4.0 had a drastic effect of on treatment efficiency (almost 60%
decrease). The pH optima observed for the removal of 3-AQ and 3-HQ are different despite
structural similarities and position of functional groups in both substrates. The optimum
pH range for 3-AQ can be compared to the optimum pH reported for treatment of aniline
(pH 4.5-5.0), using SBP.167 It should be noted that although 3-AQ and 3-HQ were
successfully treated by enzyme, none of structurally related amino- or hydroxypyridines
were reactive towards SBP.
Enzyme optimization was conducted at optimum pH, Figure 4-28. As seen, increasing the
enzyme activity by 0.5 U/mL enhances the removal efficiency by a small percentage. This
condition resulted in 82% removal of the substrate using 5.0 U/mL of enzyme. The low
conversion of the substrate despite increasing the enzyme concentration might be due to
the limited formation of compound I form of the enzyme, as a result of insufficient
hydrogen peroxide concentration in the medium. Peroxide optimization of 3-AQ was
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conducted using sub-optimal enzyme activity (3.0 U/ml) and the optimum enzyme activity
(4.5 U/mL), Figure 4-29.
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Figure 4-27. pH optimization for 3-AQ
Batch reactor conditions: 1.0 mM 3-AQ, 40 mM respective buffer, 3.0 U/mL SBP and 1.5 mM H 2O2
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Figure 4-28. Enzyme activity optimization for 3-AQ
Batch reactor conditions: 1.0 mM 3-HQ, 40 mM pH 5.6 buffer and 1.5 mM H2O2
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4.5

5

Two different optimal H2O2 concentration were observed using optimal and sub-optimal
enzyme activities. At peroxide concentrations ≤ 1.5 mM, using optimum amount of enzyme
results in 5% increase in removal efficiency compared to sub-optimal amount. It can be
seen that using 3.0 U/mL SBP led to an optimum peroxide of 1.5 mM with 78%
transformation efficiency. Increasing the concentration of H2O2 beyond 1.5 mM, quickly
decreased the treatment efficiency. On the other hand, 2.0 mM peroxide was required for
the highest removal (~90%) using optimum enzyme activity. In the peroxide general
reaction mechanism, a 2:1 substrate-peroxide stoichiometry is predicted. Considering 1:2
ratio between 3-HQ-H2O2 and 3-AQ-H2O2, it is possible that soluble products formed
during the reaction, increase the hydrogen peroxide demand as they enter the catalytic cycle
of SBP as a substrate of the enzyme110 and/or catalase activity of SBP at the high enzyme
concentration. Residual peroxide assay conducted after peroxide optimization of 3-AQ
(data not shown) showed less than 2% residual peroxide after 3 h reaction in the range of
1.0-2.5 but 10% peroxide in the batch reactors with initial peroxide concentration of 3.0
mM, suggesting catalase activity of SBP resulting in peroxide depletion during 3-AQ
treatment.
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Figure 4-29. Hydrogen peroxide optimization for 3-AQ
Batch reactor conditions: 1.0 mM 3-AQ, 40 mM pH 5.6 buffer and 3.0 and 4.5 U/mL SBP
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Boyd and Eling studied the oxidation of 2-naphthylamine, a carcinogen, using HRP for a
better understanding of its metabolism by prostaglandin H synthase (PHS) in the human
body. The reaction with HRP was conducted at two different pHs (5.0 and 7.6) with the
optimum reported as pH 5.0 in acetate buffer.168 The optimum pH of the reaction for HRP
and 2-naphthylamine is similar to the optimum reported for aniline and close to the current
one for 3-AQ. The time course for conversion of 3-AQ during the reaction was monitored
using the previously determined optimal conditions. After 3 h almost 90% of the 3-AQ was
removed (Figure 4-30). It can be noted that almost 70% of the transformation happened
within the first 30 minutes of the reaction which entered a ‘slower phase’ after 30 min.
Both 3-HQ and 3-AQ time dependences follow the same pattern although 3-AQ
degradation slows down faster compared to the enzymatic reaction of 3-HQ. The first-order
dependence of 3-AQ degradation is shown in the first 30 minutes of the reaction in Figure
4-31 and the half-life was calculated, 𝑡1/2 = 0.25 ± 0.01 h.
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Figure 4-30. Time dependence of degradation of 3-AQ in optimal conditions
Batch reactor conditions: 1.0 mM 3-AQ, 40 mM pH 5.6 buffer, 4.5 U/mL SBP and 2.0 mM H2O2
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Figure 4-31. First-order degradation of 3-AQ at the beginning of the reaction presented in Figure 4-30

4.1.7

2-Aminoimidazole

Figure 4-32 shows the pH optimization of 2-aminoimidazole in range of 6.0 to 8.6. Lower
buffer concentration was used to avoid the interference of buffer absorbance in the UV-Vis
range in which 2-AI absorbs. The highest removal for 2-AI was observed at pH 8.0 with
an optimum pH range of 7.5-8.5. The % conversion of 2-AI increased as the pH shifted
towards its pKa. A pKa of 8.5 has been reported for 2-AI.169
Enzyme optimization of 2-AI was conducted at the enzyme activity range of 0.1-1.5 U/mL,
Figure 4-33. As seen, increasing the enzyme activity from 0.1 to 0.25 quickly enhances the
removal efficiency from 60% to almost 90%. Further increase in enzyme activity had a
very slow response in % removal, hence, using 2.0 U/mL of SBP resulted in 93% removal
of substrate from the solution. Enzyme optimization was repeated with 1.25 mM hydrogen
peroxide in order to investigate the influence of additional peroxide on removal efficiency.
As seen from Figure 4-34, increasing the concentration of peroxide has a negative effect in
removal efficiency. This might be due to the enzyme inactivation in presence of excess
H2O2.
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Figure 4-32. pH optimization for 2-AI
Batch reactor conditions: 0.5 2-AI, 10 mM respective buffer, 1.5 U/mL SBP and 0.75 mM H2O2
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Figure 4-33. Enzyme activity optimization for 2-AI
Batch reactor conditions: 0.5 mM 2-AI, 10 mM pH 8.0 buffer and 1.0 mM H2O2
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Figure 4-34. Enzyme optimization for 2-AI with 1.25 mM hydrogen peroxide
Batch reactor conditions: 0.5 mM 2-AI, 10 mM pH 8.0 buffer and 1.25 mM H2O2

The effect of hydrogen peroxide concentration on 2-AI removal is shown in Figure 4-35.
The molar concentration of hydrogen peroxide was in the range of 0.5-1.5 mM. It is seen
that 1 mM hydrogen peroxide results in the highest treatment efficiency in the presence of
1.5 U/mL of enzyme. Increasing the H2O2 concentration slightly over 1 mM decreased the
treatment efficiency. Considering the stoichiometry between the substrate and hydrogen
peroxide in peroxidases, 2-AI shows a 1:2 substrate-H2O2 stoichiometry. The same
stoichiometry was observed in 3-AQ for the highest removal efficiency, using optimum
enzyme activity. Aside from the peroxide demand due to the formation of polymeric
reaction products, catalase activity of soybean peroxidase might be involved in this higher
than normal stoichiometry. Crude soybean peroxidase used in this research is known to
have

high

peroxide

requirement.170

Oxidation

of

several

N-(2-alkylamino-4-

phenylimidazole-1-yl) acetamides by feeding the substrate to Trametes versicolor fungi
cells has yielded various substituted imidazoles as well as several oligomerization
products. Formation of these products was attributed to the laccase secreted from fungi by
comparing the data to results with extracellular crude enzyme. The reaction with crude
laccase was conducted using acetate buffer, pH 5.0. No removal efficiency or optimum pH
range was reported.171 Fodor and his colleagues used laccase for polymerization of Nvinylimidazole under atom transfer radical polymerization conditions in acidic pH (4.0).172
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Figure 4-35. Hydrogen peroxide optimization for 2-AI
Batch reactor conditions: 0.5 mM 2-AI, 10 mM pH 8.0 buffer and 1.5 U/mL SBP

The time needed for the reaction to reach the highest removal efficiency was monitored
using previously optimized parameters. The result of this experiment is plotted in Figure
4-36. As seen from the graph, enzymatic degradation of 2-AI proceeds very fast in the first
15 minutes of the reaction as close to 90% of the substrate is removed from the solution.
After 15 minutes, the reaction visibly decelerates and enters a slow phase. The maximum
treatment efficiency was achieved after 30 minutes from the start of the reaction and stayed
the same to the end of it.
Using the results from the time course study, the kinetics of the first 15 minutes of the
reaction was fitted to a first-order model. Unlike some other substrates studied until now
in their first 30 minutes of the reaction, 2-AI time dependence loses its linearity after 15
minutes so first-order kinetics can be applied only during this period, Figure 4-37. The
half-life of the reaction is calculated to be, 𝑡1/2 = 0.085 ± 0.0035 h.
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Figure 4-36. Time dependence of degradation of 2-AI in optimal conditions
Batch reactor conditions: 0.5 mM 2-AI, 40 mM pH 8.0 buffer, 1.5 U/mL SBP and 1.0 mM H2O2
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Figure 4-37. First-order degradation of 2-AI at the beginning of the reaction presented in Figure 4-36
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4.1.8

2-Aminobenzimidazole

As seen from Figure 4-38, pH optimization of 2-ABI, pH 7.0-7.5 resulted in the highest
removal efficiency. It can be noted that the conversion of imidazoles significantly increased
as the pH shifted towards their pKa, values of 8.5 and 7.18 have been reported for 2-AI and
2-ABI, respectively.169,173 For 2-ABI moving towards basic pH drastically decreased the
treatment efficiency. Moving from pH 7.5 to 8.0 and later to 9.2 reduced the efficiency by
15 and 50%, respectively. A similar effect in alkaline solution was observed in case of 3HQ removal efficiency, quickly diminishing beyond pH 8.6 with almost no removal around
pH 10.0. This behavior can be attributed to the decrease in catalytic activity of the enzyme
as it retains only 10% of its optimum catalytic activity at pH 9.0 and quickly levels off at
pH 10.0.155
Enzyme optimization for 2-ABI was conducted over a SBP range of 1.0-4.0 U/mL, Figure
4-39. The removal efficiency improved by increasing the enzyme from 1.0-2.5 U/mL then
levelled off at almost 70% removal efficiency (maximum efficiency achieved). Increasing
the amount of enzyme beyond 3.5 U/mL led to a decrease in % removal of the substrate,
possibly by increased catalase activity of the enzyme.
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Figure 4-38. pH optimization for 2-ABI
Batch reactor conditions: 0.5 2-ABI, 40 mM respective buffer, 1.5 U/mL SBP and 0.75 mM H2O2
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Figure 4-39. Enzyme activity optimization for 2-ABI
Batch reactor conditions: 0.5 mM 2-ABI, 40 mM pH 7.0 buffer and 0.75 mM H2O2

The effect of hydrogen peroxide concentration on enzymatic treatment of 2-ABI was
investigated at optimum pH and enzyme. Figure 4-40 shows the optimum range of
hydrogen peroxide concentration is 1.0-1.5 mM. The efficiency achieved in enzyme
optimization using 3.0 U/ml enzyme in presence of 0.75 mM hydrogen peroxide was
improved (8%) by increasing peroxide to 1.0 mM H2O2. To investigate the effect of
optimum concentration of hydrogen peroxide on removal efficiency in enzyme
optimization, the experiment was repeated with 1.0 mM peroxide, over the enzyme activity
range of 1.5 to 4.5 U/mL, Figure 4-41. Increasing the enzyme activity over the previously
found optimum in the presence of 1.0 mM H2O2 did not have a positive impact on treatment
efficiency. The results from pH optimization of aminoimidazoles shows very close pH
optimum ranges and both 2-AI and 2-ABI showed a 1:2 substrate-hydrogen peroxide ratio
which was observed previously with quinolines. Despite the similarities, using twice the
optimum concentration of enzyme in 2-ABI (3.0 U/mL), led to 77% treatment efficiency
compared to 93% in 2-AI.
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Figure 4-40. Hydrogen peroxide optimization for 2-ABI
Batch reactor conditions: 0.5 mM 2-ABI, 40 mM pH 7.0 buffer and 3.0 U/mL SBP
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Figure 4-41. Enzyme activity optimization for 2-ABI with 1.0 mM hydrogen peroxide
Batch reactor conditions: 0.5 mM 2-ABI, 40 mM pH 7.0 buffer and 1.0 mM H2O2
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4

4.5

Although polymerization of vinylimidazole172 and a phenylimidazole171 derivatives have
been reported using a fungal laccase, to the best of our knowledge there has been no report
of oxidative polymerization of 2-AI and 2-ABI using any peroxidase as catalyst.
The time course of treatment of 2-ABI under optimal conditions is shown in Figure 4-42.
As seen, it takes more than 30 minutes to achieve 52% removal of 0.5 mM 2-ABI by the
enzyme. It is evident that only 30% improvement in treatment efficiency is observed after
the first 30 minutes, through to the end. The kinetics of the first 22 minutes of the reaction
were fitted to a first-order model, Figure 4-43, the linearity of the first-order fit decreases
after this point. Using the equation of the line, the half-life for the enzymatic degradation
of 2-ABI in the given condition is calculated, 𝑡1/2 = 0.49 ± 0.01 h.
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Figure 4-42. Time dependence of degradation of 2-ABI in optimal conditions
Batch reactor conditions: 0.5 mM 2-ABI, 40 mM pH 7.0 buffer, 3.0 U/mL SBP and 1.0 mM H2O2
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Figure 4-43. First-order degradation of 2-ABI at the beginning of the reaction presented in Figure 4-42

4.1.9

3-Aminopyrazole

The effect of pH on the conversion of 3-AP is shown in Figure 4-44. The experiments
were conducted in the range of 4.0-7.5 with 10 mM buffer concentration to avoid
absorbance interference from buffer. pH 6.0 was chosen as optimal pH for 3-AP.
3-AP enzyme optimization, Figure 4-45, indicates a very small increase (5%) in removal
efficiency of substrate with increasing the amount of enzyme from 1.5 to 2.0 U/mL; the
removal efficiency stayed the same from 2.0-3.0 U/mL. Increasing the amount of enzyme
beyond 3.0 U/mL led to a slight decrease in the removal efficiency. Peroxide optimization
(Figure 4-46), was conducted at optimal pH and enzyme activity of 3.0 U/mL. It can be
seen that increasing hydrogen peroxide from 0.5 mM to 1.5 mM resulted in a linear
enhancement in removal efficiency of 3-AP up to 1.5 mM, then a gradual but negative
impact thereafter.
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Figure 4-44. pH optimization for 3-AP
Batch reactor conditions: 1.0 mM 3-AP, 10 mM respective buffer, 1.7 U/mL SBP and 1.5 mM H2O2
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Figure 4-45. Enzyme activity optimization for 3-AP
Batch reactor conditions: 1.0 mM 3-AP, 10 mM pH 6.0 buffer and 1.5 mM H2O2
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Figure 4-46. Hydrogen peroxide optimization for 3-AP
Batch reactor conditions: 1.0 mM 3-AP, 10 mM pH 6.0 buffer and 3.0 U/mL SBP

The substrate:hydrogen peroxide ratio for treatment of 3-AP was 1:1.5 which was 3 times
higher than the expected ratio derived from peroxidase mechanism. This increased
peroxide demand is seen during the treatment of most substrates in this research. Utilizing
peroxide during compound III formation, catalase activity of SBP and peroxide
requirement of further polymerization of product formed during the treatment can
contribute to this increase.
For pyrazole, as for other heterocyclic aromatics in this research, there is a gap of
information regarding their oxidative polymerization using enzyme or even other chemical
methods. Almansa et al., reported their attempt on laccase decolorization of some azo dyes
including two (Tartrazine and Diamond Fast Brown) with a pyrazole group. Decolorization
of Tatrazine with laccase was unsuccessful in the pH range of 3.0-6.0, even using a
laccase/mediator (ABTS) system. Diamond Fast Brown consists of two dyes, a
heterocyclic (pyrazole) and a naphthyl component. Decolorization of Diamond Fast Brown
was possible with fastest transformation rates around pH 4.0. For Diamond Fast Brown,
although decolorization was possible, it was attributed to the presence of a naphthyl
component of the dye.174 The optimum pH for the treatment of 3-AP is similar to that of 283

AT. Both substrates carry an anilino functional group along with two heteroatoms in a fivemembered aromatic ring. The optimal pH range observed for these two substrates is
slightly higher than that reported previously,167 for treatment of aniline.
Conversion of 3-AP was monitored with respect to time during a three-hour reaction at
previously determined optimal pH, enzyme activity and hydrogen peroxide concentration.
From Figure 4-47, the degradation of 3-AP appears to follow first-order kinetics for the
first 45 minutes, confirmed in Figure 4-48 (𝑡1/2 = 0.60 ± 0.02 ℎ). This resulted in removal
of 60% of the substrate during this time. After 45 minutes, the reaction enters a slower
phase. During the slow phase of the reaction only an additional 12% removal was achieved
by the end of 3 h.
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Figure 4-47. Time dependence of degradation of 3-AP in optimal conditions
Batch reactor conditions: 1.0 mM 3-AP, 10 mM pH 6.0 buffer, 3.0 U/mL SBP and 1.5 mM H2O2
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Figure 4-48. First-order degradation of 3-AP at the beginning of the reaction presented in Figure 4-47

4.1.10 4-Aminoantipyrine
The pH optimization for 4-AAP, seen in Figure 4-49, shows the pH range of 6.5-9.0 leads
to the highest removal efficiency. To avoid using very basic buffer, pH 7.5 was chosen as
optimal pH for further treatment of 4-AAP. It can be clearly seen from the graph that the
treatment efficiency quickly drops after pH 9.2 (Figure 4-49).
Enzyme optimization for 4-AAP initially was conducted at optimum pH 7.5, using 0.75
mM hydrogen peroxide in SBP range of 1.0-3.0 U/mL (data not shown). The removal
efficiency throughout the SBP range studies stayed the same with 70% removal of substrate
across the range. This might be due to lack of hydrogen peroxide which in turn limits the
production of compound I, the active form of the enzyme. In this case increasing the
amount of enzyme will not improve the treatment efficiency.
SBP optimization was repeated in optimum pH using 1.0 mM H2O2 and SBP range of
0.007- 0.1 U/ mL, Figure 4-50. As little as 0.05 U/mL of enzyme can remove 80% of the
substrate from the solution. In another experiment (data not shown) enzyme optimization
was repeated using 1.0 mM peroxide in the presence of optimum pH and SBP range of 0.13.0 U/mL to see if increasing enzyme concentration improves the efficiency. Over the
range of 0.1-0.5 U/mL no change in treatment efficiency was observed.
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The removal efficiency decreased using SBP activity > 0.5 U/mL. Based on this
supporting result, 0.1 U/mL SBP activity was chosen as optimum for further treatments
(Figure 4-50).
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Figure 4-49. pH optimization for 4-AAP
Batch reactor conditions: 0.5 4-AAP, 40 mM respective buffer, 1.5 U/mL SBP and 1.0 mM H2O2
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Figure 4-50. Enzyme activity optimization for 4-AAP
Batch reactor conditions: 0.5 mM 4-AAP, 40 mM pH 7.5 buffer and 1.0 mM H2O2
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The effect of hydrogen peroxide concentration was studied in optimal pH and enzyme
activity. The molar concentration of hydrogen peroxide was in the range of 0.1-3.0 mM.
Figure 4-51 shows a steep increase in treatment efficiency with increasing the peroxide
concentration from 0.1-1.0 mM. The removal efficiency decreases with > 1.0 mM
hydrogen peroxide concentrations. Compared to substrate-hydrogen peroxide ratio in the
general peroxidase mechanism, 4-AAP has twice as high peroxide demand during the
enzymatic treatment. The conditions applied for pH optimization of 4-AAP led to a plateau
in the pH range of 7.0-9.0. After determining optimal amount of enzyme and hydrogen
peroxide, pH optimization was repeated using the optimal conditions, Figure 4-52,
confirming that pH 7.0 and 7.5 resulted in highest treatment efficiency. Marginally better
than in Figure 4-49, moving away from the optimum towards higher pH resulted in a steep
decrease of removal efficiency especially after pH 8.0.
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Figure 4-51. Hydrogen peroxide concentration for 4-AAP
Batch reactor conditions: 0.5 mM 4-AAP, 40 mM pH 7.5 buffer and 0.1 U/mL SBP
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Figure 4-52. pH optimization for 4-AAP in optimal conditions
Batch reactor conditions: 0.5 mM 4-AAP, 40 mM respective buffer, 0.1 U/mL SBP and 1.0 mM H 2O2

Optimized parameters were used in the time-course study for degradation of 4-AAP. Figure
4-53 shows that almost 10% of the substrate is converted in the first minute of the reaction.
From that point forward a gradual degradation of the substrate is observed. The first 60
minutes of the reaction has been fitted to first-order kinetics in Figure 4-54, 𝑡1/2 = 1.01 ±
0.02 h.
Based on the results of time dependence of 4-AAP and very slow and gradual decrease in
the concentration such a long half-life for 4-AAP was expected. Although only the first
hour of the reaction has been used for the calculation of half-life, the reaction fitted
reasonably well to a first-order model up to 2.5 hours.
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Figure 4-53. Time dependence of degradation of 4-AAP in optimal conditions
Batch reactor conditions: 0.5 mM 4-AAP, 40 mM pH 7.5 buffer, 0.1 U/mL SBP and 1.0 mM H2O2
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Figure 4-54. First-order degradation of 4-AAP at the beginning of the reaction presented in Figure 4-54
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4.1.11 Hydroxybenzotriazole
Figure 4-55 shows the pH optimization of HOBT. It can be seen that HOBT favors the
acidic pH range with an optimum at 3.6. Moving towards neutral pH’s, slowly decreased
the efficiency of treatment. Enzyme optimization for HOBT initially was conducted at
optimum pH, using 1.5 mM hydrogen peroxide (Figure 4-56). The removal efficiency
increased with increasing enzyme activity up to 0.05 U/mL and stayed almost the same
with further increase of SBP. The highest removal efficiency achieved was > 92%. Using
0.07 U/mL of SBP as optimum, peroxide optimization was conducted in the range of 0.52.5 mM H2O2, Figure 4-57. With increasing hydrogen peroxide the removal efficiency
improved to 1.25 mM but stayed the same beyond. Although the removal efficiency is over
90%, the plateau part of the Figure 4-57 might indicate limiting amount of enzyme which
stops the reaction from going any further. Therefore, the enzyme optimization was repeated
with two different concentrations of hydrogen peroxide, Figure 4-58. It can be clearly seen
that 2.0 mM hydrogen peroxide starts inactivating the enzyme at lower concentrations
(below 0.2 U/mL). On the other hand, using 1.75 mM hydrogen peroxide, shows an
optimum around 0.12 U/mL SBP and does not negatively affect the removal efficiency of
the substrate. Comparing the optimum point with 1.75 mM H2O2 and previous enzyme
optimization using 1.5 mM H2O2 (Figure 4-56), very minor improvement is observed (a
little above 1%) in the removal efficiency. Since the peroxide optimization was previously
done with a sub-optimum amount of enzyme, H2O2 optimization was repeated with 1.25
U/mL enzyme (Figure 4-59). The graph shows a new peroxide optimum at 1.25 mM and
the removal efficiency gradually decreases with increasing the amount of peroxide beyond
this point. Increasing the amount of enzyme to 1.25 U/mL and decreasing the amount of
hydrogen peroxide increased the efficiency of treatment to > 94% for treating 1 mM
HOBT.
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Figure 4-55. pH optimization for HOBT
Batch reactor conditions: 1.0 HOBT, 40 mM respective buffer, 0.03 U/mL SBP and 1.5 mM H2O2
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Figure 4-56. Enzyme activity optimization for HOBT
Batch reactor conditions: 1.0 mM HOBT, 40 mM pH 3.6 buffer and 1.5 mM H2O2
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Figure 4-57. Hydrogen peroxide concentration for HOBT with 0.07 U/mL SBP
Batch reactor conditions: 1.0 mM HOBT, 40 mM pH 3.6 buffer and 0.07 U/mL SBP
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Figure 4-58. Enzyme activity optimization using 1.75 and 2 mM hydrogen peroxide
Batch reactor conditions: 1.0 mM HOBT, 40 mM pH 3.6 buffer and 1.5 mM H2O2
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Figure 4-59. Hydrogen peroxide concentration optimization using 0.125 U/mL SBP
Batch reactor conditions: 1.0 mM HOBT, 40 mM pH 3.6 buffer and 0.125 U/mL SBP

HOBT is a common mediator used along with many peroxidases and laccases in treatment
of recalcitrant compounds. Mediators are used as electron shuttles to speed up the reaction.
HOBT was successful in this role oxidative polymerization of PAHs using laccases.175
Although HOBT is a common mediator in enzymatic treatment, no reports of its direct
treatment or treatment of other triazole systems using any peroxidases could be found.
Comparing to the already studied diazole systems in this research such as, 2-AI, 2-ABI and
3-AP, a more acidic environment is favored for the treatment of HOBT. On the other hand,
the substrate:peroxide ratio is the least for HOBT compared to other diazole systems.
Time-course study of HOBT was conducted under optimal conditions. As seen from Figure
4-60, in less than 40 seconds more than 60% of the substrate has been converted. After that
the removal increased gradually over the course of 3 h and reached almost 95%. To
calculate the half-life of the substrate in the given condition, the linear part of the time
course was considered. The 1- 60 minute period of the reaction has been fitted to first-order
kinetics in Figure 4-61. The half-life of degradation of HOBT is calculated to be 𝑡1/2 =
0.69 ± 0.03 h (nearly 100-fold longer than the half-life of the fast phase).
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Figure 4-60. Time dependence of degradation of HOBT under optimal conditions
Batch reactor conditions: 1.0 mM HOBT, 40 mM pH 3.6 buffer, 0.12 U/mL SBP and 1.25 mM H2O2
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Figure 4-61. First-order degradation of HOBT at the beginning of the reaction presented in Figure 4-60
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4.1.12 Summary of optimization results
Soybean peroxidase has been shown to be effective in treating several heterocyclic
aromatics in synthetic wastewater. As seen from Table 4-1, the optimum pH for treatment
of most of the studied heterocyclic aromatics (except indole and pyrrole) occurred in the
range of 5.6-8.6. Interestingly, pyrrole and indole are the only substrates in this study which
do not have an anilino or phenolic functional group. This is particularly important for
applying enzymatic treatment on real wastewater with an operating pH range of 6.5 to 8.5.
Adjusting the pH to very acidic values for enzymatic treatment purposes, and re-adjusting
it back to neutrality for discharge, would be costly and unrealistic to achieve. A wide range
of optimum enzyme activities have been observed from 0.1 to 5.0 U/mL.
Although all these experiments were designed to achieve 95% removal, in many cases only
85-90% treatment efficiency was achieved under the studied conditions. In many cases,
such as pyrrole, increasing the amount of enzyme over the chosen optimum may lead to
higher removal efficiency but the cost of such increase should be taken into account. There
are cases, such as 3-HQ, in which the optimum SBP activity was chosen from the higher
side of the plateau in the enzyme optimization graph, just to give the possibility of reaching
95% removal efficiency. In these cases, based on the application, the amount of enzyme
might be reduced.
The substrate:hydrogen peroxide molar ratio observed in all studied substrates was higher
than the stoichiometry expected with peroxidases (considering only substrate free radical
generation), even taking into the account the extra peroxide demand of higher oligomer
formation. This higher peroxide demand can be attributed to the use of crude SBP in this
research and/or catalase activity of SBP.

95

Table 4-1. Optimized parameters for enzymatic treatment of heterocyclic aromatics

Substrate

Pyrrole
Indole
2-AT
2-ABT
3-HQ
3-AQ
2-AI
2-ABI
3-AP
4-AAP
HOBT

optimal conditions
substrate
mM

pH

Enzyme activity
U/mL

H2O2
mM

% Removal

1.0
1.0
1.0
0.5
0.5
1.0
0.5
0.5
1.0
0.5
1.0

1.6
1.6
6.0
7.0
8.6
5.6
8.0
7.0
6.0
7.5
3.6

5.0
0.45
4.0
4.5
0.1
4.5
1.5
3.0
3.0
0.1
0.12

1.0
1.25
2.0
0.75
1.0
2.0
1.0
0.75
1.5
1.0
1.25

85
>95
84
30
>95
89
93
77
70
87
>95

A list of half-lives of substrates, reacting under the conditions of Table 4-1, is shown in
Table 4-2. For each substrate, the half-life was calculated over the period in which the
reaction stayed first-order. For several substrates such as pyrrole and indole, there was
substantial conversion in the first minute of the reaction followed by a slower phase which
fitted a first-order kinetic model. In those cases, half-life for the fast phase was estimated
approximately from the progress curve. Two distinct phases could be due to the inhibitory
effect of reaction products generated at the beginning of the reaction. The focus of this
work is not calculating kinetic parameters but one should consider that, as the reaction
begins to deplete enzyme and hydrogen peroxide, the pseudo-first-order model will not be
applicable anymore. In order to compare the half-lives of various substrates studied,
normalized half-lives were calculated by multiplying the calculated half-life by the
dimensionless activity of enzyme used (Table 4-1). Based on the observed normalized halflives, compounds having lower half-life could be considered the better substrates of SBP.
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Table 4-2. List of half-lives for the substrates

4.2

Compound

Fast phase
t1/2 (h)

Slow phase t1/2 (h)

Normalized slow
phase t1/2
(h)

Pyrrole
Indole
2-AT
2-ABT
3-HQ
3-AQ
2-AI
2-ABI
3-AP
4-AAP
HOBT

0.02
0.11×10-2
0.20
0.86×10-2

0.82 ± 0.05
0.42 ± 0.02
0.55 ± 0.01
11.95 ± 0.00
0.20 ± 0.01
0.25 ± 0.01
0.08 ± 0.00
0.49 ± 0.01
0.60 ± 0.02
1.01 ± 0.02
0.69 ± 0.03

4.10
0.19
2.75
53.77
0.02
1.12
0.12
1.47
1.80
0.10
0.08

Effect of stepwise addition of hydrogen peroxide in removal efficiency

Hydrogen peroxide is necessary for production of compound I which in turn oxidizes the
target pollutant. On the other hand, one of the main concerns in enzymatic treatment using
peroxidases, is enzyme inactivation by H2O2. The process in which peroxidases become
inactivated by hydrogen peroxide has been explained in detail in section 2.2.5. The
consequence of such inactivation can be increased enzyme consumption and decrease in
treatment efficiency of the substrate. Furthermore, H2O2 is a co-substrate in enzymatic
treatment and its cost influences the total operating cost of the treatment.
To improve the efficiency of the treatment for substrates with < 95% removal, a couple of
strategies might be considered. Lower than expected removal efficiency can occur if the
reaction runs out of enzyme and/or peroxide. In such cases, addition of fresh enzyme or
peroxide, might improve the removal efficiency. This was tested for 2-ABT since it showed
lowest removal efficiency. The enzyme activity test was performed after the 3-h reaction
(under optimal conditions) along with a color test to calculate the residual peroxide.
Residual enzyme activity shows that 80% of initial enzyme activity remained after 3 h but
only 5% of the initial peroxide remained.
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Addition of fresh peroxide (to the same original concentration) to the same batch (stirring
additional 3 h) resulted in increasing the removal efficiency by < 8%. This method might
be used when achieving certain efficiency is the treatment goal but the cost associated with
the use of additional chemical reagent and longer contact time should be considered. To
avoid the cost of additional H2O2 required to improve the treatment efficiency, enzyme or
hydrogen peroxide can be added in a stepwise manner in order to minimize enzyme
inactivation and improve the removal efficiency.
Stepwise addition of hydrogen peroxide has been studied in removal of target pollutants
using SBP176 and other peroxidases such as lignin peroxidase.177 In the current work, the
effect of incremental addition of hydrogen peroxide was studied during the peroxide
optimization for a set of substrates in the sections below which could not get close to 95%
removal efficiency by single addition of peroxide, (under optimal pH and SBP conditions
given in Table 4-1, above). The range of hydrogen peroxide concentration studied was the
same as H2O2 optimization conducted previously for each substrate. Cumulative
concentration of hydrogen peroxide was achieved by addition of a quarter of the desired
total every 45 minutes. The % remaining substrate (by HPLC) was plotted against the
indicated H2O2 cumulative concentration and the residual peroxide and enzyme activity
after 3 h reaction were measured using colorimetric assays.
4.2.1

Pyrrole

For pyrrole, the two modes of peroxide addition are shown in Figure 4-62; in this case, due
to the presence of a product peak absorbing around 500 nm, colorimetric assays for residual
enzyme activity and peroxide were not feasible.
As seen in Figure 4-62, stepwise addition on hydrogen peroxide clearly changes the
optimum amount of peroxide required to half but also decreases the removal efficiency to
80%. Considering the economic factors, there is a 20% improvement with stepwise mode
using half of the reagent used in one-step addition. It is noted that in stepwise addition,
increasing the amount of peroxide sharply lowers the removal efficiency as it drops to 70%
using 1.0 mM (optimum in one-step reaction). The improvement in removal efficiency by
stepwise addition is general for the compounds following.
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Figure 4-62. The effect of stepwise addition of H2O2 in pyrrole treatment efficiency
Batch reactor conditions: 1.0 mM pyrrole, 40 mM pH 1.6 buffer, 5.0 U/mL SBP

4.2.2

2-Aminothiazole

The two modes of peroxide optimization for 2-AT, shown in Figure 4-63, indicate that the
optimal peroxide concentration for the treatment may be decreased to 1.5 mM for 1.0 mM
2-AT) and the treatment efficiency improved by 5%. These improvements may be due to
reduced suicide inactivation of SBP by hydrogen peroxide. Colorimetric assay for the onestep addition of H2O2 showed after 3 h reaction there was almost no residual peroxide but
SBP showed activity. That might be a reason for reaction and not achieve 95% removal.
For stepwise addition of peroxide, residual enzyme and peroxide data are shown in Table
4-3. It is noted that even in stepwise addition, residual H2O2 concentration is <5% of the
cumulative added concentration.
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Figure 4-63. The effect of stepwise addition of H2O2 in 2-AT treatment efficiency
Batch reactor conditions: 1.0 mM 2-AT, 40 mM pH 6.0 buffer, 5.0 U/mL SBP

Residual SBP activity at optimum peroxide concentration (2 mM), showed 10% more SBP
activity in stepwise addition, compared to the one-step process (data on residual SBP
activity of one-step addition not shown). It can be concluded that stepwise addition of
hydrogen peroxide is effective in reducing enzyme inactivation and in turn slightly
increases the removal efficiency during enzymatic treatment of 2-AT.

Total H2O2 mM
% Residual SBP

%Residual H2O2

% Removal HPLC

1.0

75

0.23

72.37

1.5

58

0.08

87.05

2.0

34.5

4.5

90.1

2.5

24.5

3.02

89.24

3.0

19

0.96

11.44

SBP control

93.5

NA

0

H2O2 control

NA

85.33

0

100

4.2.3

2-Aminobenzothiazole

2-ABT optimization data (one-step addition of peroxide) showed only 30% removal
efficiency which does not make it a good candidate for enzymatic treatment using SBP
under the conditions given in Table 4-1. Comparison of the two modes of peroxide addition
is shown in Figure 4-64. The optimum concentration of H2O2 for treating 0.5 mM 2-ABT
remained the same (0.75 mM) but the removal efficiency improved to almost 50% using
stepwise addition. Increasing peroxide concentration over the optimum point had less
influence in the stepwise process compared to the one-step process.
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Figure 4-64. The effect of stepwise addition of H2O2 in 2-ABT removal efficiency
Batch reactor conditions: 0.5 mM 2-ABT, 40 mM pH 7.0 buffer and 4.5 U/mL SBP

Residual SBP and hydrogen peroxide assays conducted after peroxide optimization in onestep addition process (data not shown) showed no residual peroxide in range of 0.25-0.75
mM after 3 h reaction but 25-50 % of initial enzyme activity remained. For the stepwise
process, residual enzyme and H2O2 after treatment are shown in Table 4-4. Less than 5%
H2O2 remained in solution at optimum peroxide concentration. No peroxide was found
after the treatment in sub-optimal peroxide concentrations indicating peroxide as the
limiting reagent in these conditions. It can be seen that % residual SBP decreased with
101

increasing peroxide concentration over the optimal point. Residual SBP for 2-ABT in the
stepwise process resulted in 30-70% remaining enzyme activity which was noticeably
higher than the one observed in one-step process. For 2-ABT treatment, efficiency can be
almost doubled with stepwise addition of hydrogen peroxide. Despite this improvement,
2-ABT has still the lowest removal efficiency of any of the heterocyclic aromatic substrates
in this study. Furthermore, it can be seen that inactivation of SBP happens to a great degree
in the presence of 2-ABT. It has been suggested that the presence of an “efficient reducing
substrate” can inhibit formation of compound III by rapid and efficient reaction between
compound II and peroxide.178
It is known that some peroxidase substrates, such as hydrazines, have the ability to
inactivate the enzyme which in turn results in slow oxidation of these substrates in a suicide
process.178 For 2-ABT, formation of radical on the amino group of the substrate and nonenzymatic N-N coupling, a hydrazine would be formed. This will be discussed later in
detail in the possible polymerization products section. However formation of such products
with known inactivation effects on peroxidases might be a reason for very low treatment
efficiency of 2-ABT. Additionally, slow oxidation of substrate might enhance compound
III formation in presence of excess hydrogen peroxide.

Table 4-3. Residual SBP and H2O2 after stepwise addition of hydrogen peroxide to 2-ABT
Cumulative H2O2
mM
% Residual SBP

%Residual H2O2

% Removal (HPLC)

0.25

69.77

0

30.62

0.5

46.88

0

45.68

0.75

30.44

3.43

48.01

1.0

20.88

9.20

46.13

1.5

8.4

22.66

34.00

SBP control

85

NA

2-3

H2O2 control

NA

85.33

2-3
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4.2.4

3-Aminoquinoline

The efficiency of enzymatic treatment for 3-AQ was not far from 95%. Stepwise addition
of peroxide is compared with one-step addition in Figure 4-65. Treatment efficiency
improved slightly (4%) reaching 93%, while the optimum amount of peroxide remained
unchanged.
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Figure 4-65. The effect of stepwise addition of H2O2 in 3-AQ treatment efficiency
Batch reactor condition: 1.0 mM 3-AQ, 40 mM pH 5.6 buffer and 3.0 and 4.5 U/mL SBP

Throughout the peroxide range studied, 5-10% improvement in treatment efficiency was
observed by stepwise addition of H2O2. After peroxide optimization of 3-AQ (one-step
addition of peroxide), residual enzyme activity and H2O2 were measured. The remaining
peroxide after 3 h, over the range studied, was ≤ 2% except for the highest concentration
of the range (3 mM) which had 10 % remaining while less than 4% of the initial enzyme
activity was observed over the same range. This indicates that the reaction ran out of
enzyme and peroxide at the end of 3 h. Table 4-5 displays the % residual SBP and H2O2,
after 3 h reaction when peroxide was added in a stepwise manner. As observed previously
for other substrates such as 2-ABT and 2-AT, an increase in residual peroxide caused a
decrease in residual enzyme activity. This could be an indication of SBP inactivation by
excess hydrogen peroxide in the solution. It should be noted that except for 2-ABT, for
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which stepwise addition of H2O2 almost doubled its removal efficiency, this method
resulted in about 5% improvement as in other cases. For 3-AQ at optimal peroxide
concentration (2.0 mM), the presence of residual hydrogen peroxide and enzyme did not
lead to more than 93% treatment efficiency. Considering 3-AQ time dependence (Figure
4-30), the reaction enters a very slow phase around 60 minutes from the start. To follow
the protocol and be consistent, all the experiments in this dissertation were conducted over
3 h, except otherwise stated. It might simply be that more time is needed for achieving
close to 100% removal efficiency in the slow phase which could be due to the slow return
from Cpd III.

Table 4-4. Residual SBP and H2O2 after stepwise addition of hydrogen peroxide to 3-AQ
Cumulative H2O2
mM
% Residual SBP

%Residual H2O2

% Removal HPLC

1.0

15.68

2.76

73.2

1.5

8.40

2.68

90.9

2.0

6.00

14.6

93.2

2.5

<5

34.9

91.4

3.0

<5

63.5

91.7

SBP control

86.00

NA

0

H2O2 control

NA

85.8

0

4.2.5

3-Aminopyrazole

The enzymatic treatment of 3-AP had the second lowest treatment efficiency (75%), Table
4-1. Figure 4-66 compares the peroxide addition modes for 3-AP removal efficiency. The
optimal peroxide concentration stayed unchanged using the stepwise addition process and
no difference in removal efficiency was observed at sub-optimal peroxide conditions in
both methods. At optimum peroxide concentration, a 5% improvement in treatment was
observed using stepwise addition. Treatment efficiency remained unchanged above the
optimum H2O2 concentration in stepwise addition but decreased slightly in one-step
process.
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Figure 4-66. The effect of stepwise addition of H2O2 in 3-AP treatment efficiency
Batch reactor conditions: 1.0 mM 3-AP, 10 mM pH 6.0 buffer and 3.0 U/mL SBP

Residual enzyme activity and hydrogen peroxide could not be calculated without having a
large error margin because the treatment products peak appeared in the wavelength range
used for the colorimetric assays.
4.3

Possible polymerization products

As shown in the peroxidase catalytic cycle, free radicals generated through oxidative action
of enzyme diffuse into solution and couple non-enzymatically. It is expected that the
polymerization process terminates when the oligomers reach their solubility limit and
precipitate out of the solution. Few studies have focused on studying the mechanism or
variation in type of products formed during enzymatic treatment of wastewater. Huang and
Webber investigated enzymatic coupling of Bisphenol A (BPA), using LC/MS and GC/MS
techniques and molecular modeling to find the reaction pathways. Despite the
comprehensive investigation on the transformation products, their study was limited by
poor solubility of the products generated.179 Detailed analysis of the nature of the
compounds generated during enzymatic treatment helps with better understanding of
possible toxicity of these transformation products. For example, soybean peroxidase has
been very effective in decolorization of textile azo dyes but the toxicity increased due to
the formation of soluble degradation products.176
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Enzymatic treatment can be considered as a viable and eco-friendly treatment technique
compared to other existing methods. Due to very low solubility of the polymers
precipitated during enzymatic treatment, they are mostly considered less toxic than the
substrate, and hence, they may be disposed of safely in a landfill. There has been an
increasing number of studies on improving the efficiency of enzymatic treatment, lowering
the cost of such treatments and/or using immobilized enzymes in the process. On the other
hand, there are few articles investigating the degradation products of such treatments. In
the case of heterocyclic aromatics, enzymatic polymerization of pyrrole and indole have
been studied as a green way of production of important conducting-polymers.156-158
Furthermore, electrochemical polymerization of 2-AT180 and 2-ABT181 for the formation
of stable conducting polymers has been reported but, to the best of our knowledge, use of
any peroxidase enzyme for their polymerization (or other heterocyclic aromatics studied in
this dissertation), has not been reported. In this section, formation of possible
polymerization products after reaction (in solution and precipitate) has been investigated
using mass spectrometry. Due to the presence of various resonance-stabilized structures
for a substrate radical, different coupling positions such as C-C, N-N, N-C, O-C, O-O, etc.
are expected. This leads to the formation of various polymerization products for a substrate
such as oxidative dimer, trimer, etc. (2M-2, 3M-4 and so on) and oxygenated oligomers.
Some of these oligomers re-enter the enzyme catalytic cycle and contribute to growth of
the polymer chain or formation of other products. Based on the molecular weight of the
oligomers derived from mass spectrometry data, possible structures have been assigned. It
should be noted that mass spectrometry data can only give a preliminary insight into the
possible polymerization products formed during the treatment (cannot distinguish among
isomers, for example). Additional information using other analytical techniques such as
NMR and FTIR would be needed to draw a conclusion on the structure of final products
and, hence, mechanism of product formation. After the enzymatic treatment of a substrate
under pre-determined optimal conditions, supernatant and precipitate of the reaction were
analyzed by a Waters Xevo®-G2-XS TOF, equipped with ASAP ionization probe. ASAPMS is one of the new desorption/ionization techniques used to simplify the analysis. A
viscous liquid or a solid could be directly introduced using a capillary. Heated nitrogen gas
helps the analyte to evaporate and a corona discharge ionizes the sample. 182 For all the MS
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analysis conducted on any substrate in this work, a standard (substrate in form of liquid or
solid, not treated) was analyzed by mass spectrometry, prior to the treated samples.
4.3.1

Pyrrole

Figure 4-67 shows the mass spectrum of the pyrrole standard. A base peak with m/z 84.045
is observed. Considering the molecular formula of pyrrole (C4H5N) an exact mass of
67.042 is expected. The observed peak can be assigned to [C4H6NO]+, pyrrollin-n-one (n=
2, 3 or 4), (Figure 4-73 (a)). No peak related to pyrrole molecular ion or protonated pyrrole
was observed. The experiment was repeated in the same condition but the lock-spray
source was kept off. The explanation regarding the lock-spray is given below. The data for
pyrrole analysis with lock-spray off, presented in Figure 4-68, shows the base peak at m/z
133.075. The base peak could be assigned a molecular formula of [C8H9N2] which
corresponds to the presence of a dimer in which two analytes are associated. Schug and
McNair have reported the presence of high abundance pseudo-molecular ions, such as
deprotonated dimer ion, in many electrospray ionization mass spectra. Ion affinity and
molecular structure of the analyte along with the MS conditions could affect pseudomolecular ion formation. The presence of functional groups in the analyte, with the ability
to form an H-bond, was considered a necessity for the formation of such dimer
complexes.183 Looking into the lower m/z range of Figure 4-68, peaks corresponding to
pyrrole standard were observed (Figure 4-69). Peak 1 at m/z 67.041 was assigned to,
[C4H5N]•+, pyrrole molecular ion. Two additional peaks at 68.049 and m/z 69.052 were
assigned to protonated pyrrole and pyrrole isotopic form (13C), respectively.
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Figure 4-67. Full range mass spectrum of pyrrole standard with lock-spray on

Figure 4-68. Full range mass spectrum of pyrrole standard with no lock-spray

A peak at m/z 84.045 was also observed in pyrrole standard analysis with lock-spray off
but the intensity of the peak was much smaller than the base peak. Comparing the results
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of pyrrole standard, MS analysis shows the effect of lock-spray on the analysis. The lockspray allows the analysis of a calibration standard (leucine encephalin). The data from lockspray is used for the recalibration of mass accuracy of the analyte. Chindarkar et al.,
investigated the effect of lock-spray on the signal intensity of a tetrahydrocannabinol
metabolite as a model compound. An average of 50% decrease in peak intensity was
reported when the mass data were acquired with lock-spray on.184 In the present work, the
peaks associated with pyrrole standard are observed in much lower intensity compared to
the base peak, when the lock spray is off. Considering the effect of lock-spray on ion
intensity, reported previously, it is not surprising that no molecular ion or protonated
pyrrole were detected during our standard analysis. The effect of lock-spray on other
standards was not investigated.

(2)
(1)

(3)

Figure 4-69. Mass spectrum of pyrrole standard in no lock-spray mode, from m/z 66 to 76

The mass spectra from pyrrole reaction supernatant in the ranges of m/z 200 to 225 and
230 to 250 are shown in Figures 4-70 and 4-71, respectively. These mass spectra contained
mainly the peaks corresponding to the protonated forms of the oxidized trimers of pyrrole.
In Figure 4-70, peaks 1, 2 and 3 correspond to [C12H10N3O]+, [C12H12N3O]+ and
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[C12H14N3O]+, respectively. These are the protonated formulae of possible structures
assigned to the molecular forms shown in Figure 4-73 (b, c and d), respectively. Evidently
all three trimers are found to be oxidized as previously seen also in pyrrole standard.
Oxidation reactions are prevalent with techniques such as electrospray ionization or direct
analysis in real time but they also occur during acquisition in ASAP analysis.185 Such
oxidation products were also observed later during analysis on indole and quinolines.
Figure 4-73 (b) shows the proposed structure to be an oxygenated trimer. The presence of
protonated fully- and partially-oxidized oligomers of aniline after MS analysis, has been
previously reported. The observation was attributed to the lower oxidation potential of the
oligomers compared to the monomer.186 On the other hand, conjugated polypyrrole
polymer has been synthesized using chemical oxidative polymerization in the presence of
H2O2. The proposed mechanism of such reaction was through the formation of carbocation
from 3-pyrrolin-2-one and 4-pyrrolin-2-one in acidic medium (7 days reaction). The
carbocation generated, reacted with the pyrrole, forming oligomers of pyrrolidinone.187 In
the current work, 4-6% chemical oxidation of pyrrole was observed in the blank containing
the substrate and optimum concentration of hydrogen peroxide during 3 h reaction. As a
consequence, non-enzymatic formation of pyrrolidinone and its carbocation is possible to
a lesser extent. Figure 4-73 (d) shows the proposed structure that might result from this
type of reaction. As in Figure 4-71, four peaks corresponding to the presence of four
protonated trimers were observed. Peak 1 at m/z 230.093 was assigned the molecular
formula of [C12H12N3O2]+. A possible trimer structure related to the observed peak has
been depicted in Figure 4-73 (e). Peak 2 at m/z 246.088 could suggest the presence of
[C12H12N3O3]+ with its related unprotonated structure exhibited in Figure 4-73 (f). The last
two peaks observed at m/z 248.105 and m/z 250.119 correspond to [C12H14N3O3]+ and
[C12H16N3O3]+, respectively. Their related structures are shown in Figure 4-73 (g and h).
Figure 4-72 shows the resulting spectrum from MS analysis of reaction precipitate. The
peak observed at m/z 261.113 suggest the presence of the protonated half-oxidized
tetramer, [C16H12N4] +, with a structure depicted in Figure 4-73 (i).
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(3)

(2)
(1)

Figure 4-70. Mass spectrum of supernatant of pyrrole enzymatic treatment from 200 to 225 m/z

(2)

(3)

(1)

(4)

Figure 4-71. Mass spectrum of supernatant of pyrrole enzymatic treatment from 230 to 250 m/z
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Figure 4-72. Mass spectrum of precipitate of pyrrole enzymatic reaction from 258 to 269.

Figure 4-73. Proposed structures of oligomers formed during enzymatic treatment of pyrrole
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4.3.2

Indole

Figure 4-74 shows the mass spectrum of the indole standard. The peak (a) at 117.057,
corresponds to the molecular ion (M•+) generated through loss of an electron, C8H7N. The
peak (b) at 118.065, (base peak), with the highest abundance is the result of protonation of
the substrate (MH+), [C8H8N]+. The peak (c) at m/z 134.061 suggests the presence of
indoline or hydroxyindole, C8H8NO, which might form during MS analysis due to the
presence of oxygen in the environment. It has been stated that indole fragmentation
happens mostly through loss of HCN resulting in the formation of [C7H6]+• fragment ion,
which further stabilizes by loss of a H• to [C7H5]+. The [C7H5]+ fragment ion loses an ethyne
and forms smaller fragments.188 Two lower intensity peaks with m/z 89.039 and m/z 91.054
were observed in the indole standard spectrum which were attributed to the presence of
[C7H5]+ and [C7H6]+•, respectively.

(b)

(a)

(b)

(a)
(c)

(c)

(1,2)

Figure 4-74. Mass spectrum of indole standard

The full range mass spectrum of the supernatant of enzymatic treatment of indole under
optimal conditions after 3 h is shown in Figure 4-75. Two peaks at low intensity with m/z
ratio of 117.057, 118.065 were observed in the supernatant of the reaction which
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correspond to the indole molecular ion and protonated indole seen in the indole standard
spectrum.

Figure 4-75. Full range mass spectrum of supernatant of indole enzymatic treatment

Figure 4-76 shows the expanded-scale mass region m/z 220-390 which contains the base
peak of the mass spectrum in Figure 4-75 (m/z 247.086). A lower intensity peak at m/z
233.106 (1) might suggest the presence of a protonated oxidative dimer (2M-2+1) product,
[C16H13N2]+. Various possible structures could be drawn for this formula two of which are
deprotonated, Figure 4-79 (a). Based on the possible resonance structures which could be
drawn for indolyl radical, there will be many possibilities for C-C, C-N, N-N coupling.
Talbi and his co-worker have shown the regiospecificity of the coupling reaction of indole,
favoring C-C bonding through positions 2 and 3 in the final polymer.189
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(4)
(5)

(1)
(3)

Figure 4-76. Mass spectrum of supernatant of indole enzymatic reaction from m/z 220 to 390

The peak in Figure 4-76, at m/z 247.086 (2), might be attributed to the presence of
protonated 6H-oxazolo[3,2-a: 4,5-b′]diindole, C16H11N2O, (Figure 4-79 (b)). The presence
of a peak at m/z 248.090 could be attributed to its isotopic form. Gillam and colleagues
have reported oxidative coupling of indole by cytochrome P450 enzyme. Indigoid
pigments were observed as the polymerization products. UV and 1H NMR spectral data as
well as the presence of a strong peak at m/z 247 in the mass spectrum were consistent with
the presence of diindole Figure 4-79 (b).188
The molecular formula of [C16H13N2O]+ could be assigned to the peak number 3 with m/z
249.100 with possible structure depicted in Figure 4-79 (c). An additional minor product
peak at m/z 263.081 might point to the presence of indigo or indirubin with [C16H11N2O2]
formula (m/z represents the protonated form). The assigned structures for indigo and
indirubin are shown in Figure 4-79 (d). The presence of such compounds was also reported
by Gillam et al.190 A molecular formula of C24H16N3O would match m/z 362.128 (peak 4)
which is an oxidized indole oxidative trimer. Also a peak at m/z 364.143 (peak 5) could
indicate the presence of C24H18N3O, a hydroxylated trimer, in protonated form. The
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assigned structure of both treatment products are depicted in Figure 4-79 (e) and (f),
respectively.
Figure 4-77 displays the mass spectrum of supernatant of treated indole in the range of m/z
330 to 510. Peak 1 at m/z 346.132 could be assigned a molecular formula of [C24H16N3]+.
Considering the protonation, C24H15N3 has 2 protons less than the expected linear indole
oxidative trimer formula, but a triazatruxene or isotriazatruxene (10,15-Dihydro-5Hdiindolo[3,2-a:3',2'-c]carbazole), with a cyclic structure would match the molecular weight
and the formula. The structure is displayed in Figure 4-79 (g). As shown in Figure 4-77, a
m/z 493.165 with lower abundance is observed. The molecular formula of [C32H21N4O2]+
was assigned which was believed to be the oxidized form of indole tetramer formed as a
result of radical coupling after treatment of substrate with SBP.

(1)
(2)

Figure 4-77. Mass spectrum of supernatant of indole enzymatic treatment from m/z 330 to 510

Oxidative coupling of indole with cytochrome P450 was shown to generate oxygenated
monomer and dimers of indole. The pathway proposed for formation of such products is
based on oxidative coupling of the substrate by P450.190 P450 is a catalyst for oxygen
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transfer reactions such as hydroxylation of C-H bonds and epoxidation of C=C bonds. On
the other hand, peroxidases such as SBP and HRP preferably act as electron sink and are
considered poor oxidants for P450 type oxygenations.191
Figure 4-78 and Table 4-6 show the MS analysis on the precipitate of enzymatic reaction
of indole (same reaction as for the supernatant above). The most abundant peak with m/z
247.086 could be assigned to the protonated 6H-oxazolo[3,2-a: 4,5-b′]diindole, Figure 479 (b), which was also observed in the supernatant. On the other hand, peak 3, m/z 148.038,
might suggest the presence of protonated isatin (C8H6NO2), Figure 4-79 (h). Formation of
isatin has been reported previously during P450 treatment of indole as a result of oxidation
of indoxyl.184 Additionally, the peaks 7-10 suggest the presence of oxidized trimers.
Possible structures for peaks 8 and 9 are shown in Figure 4-79 (e) and (f), respectively.
Peaks 12 and 13 are consistent with oxidized tetramers. Three peaks, 14-16, with lower
abundance with m/z > 500 were assigned to triply oxidized tetramer and two pentamers.
The indole molecular ion peak at m/z 117.057 and its protonated form at m/z 118.065 were
also observed in lower abundance compared to indole standard and the supernatant of the
reaction. These are suspected to be due to the interstitial fluid, residual supernatant, in the
solid sample. HRP mediated polymerization of several alkyl indoles under aerobic and
anaerobic conditions was investigated by Ling and Sayer.192 Aerobic treatment of 3methyl- and 3-ethyl-indole enzymatic treatment led to the formation of ring-opened oacylformanilides as major products and oxindoles as minor products. In anaerobic
conditions, classical oxidative coupling led to the formation of oligomers. They stated that
in the anaerobic oxidation of methylindole, hydrated dimers were formed while they were
not observed for 3-ethylindole. They concluded that for alkyl indoles under aerobic
conditions, the radical formed through enzymatic treatment is trapped by O2 and
dimerization is totally suppressed. Although the oxidation pathway of SBP is different from
that of P450, we observed very similar products to what was previously reported by Gillam
et al., during oxidation of indole by P450.190 While the products of the reaction are
dependent on the substrate, the presence of oxygen incorporation products from SBP
treatment of indole underlines the similarity of our products to previously reported
ones.190,192
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(13)

(1,2)

(14-16)

Figure 4-78. Full range mass spectrum of the precipitate of indole enzymatic treatment

Figure 4-79. Proposed structures of oligomers formed during enzymatic treatment of indole
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Table 4-5. List of m/z observed in precipitate of indole reaction and their assigned molecular formulae

Peak Number

m/z

Molecular formula

1

117.057

C8H7N*

2

118.065

C8H8N

3

148.038

C8H6NO2

4

247.086

C16H11N2O

5

263.081

C16H11N2O2

6

346.133

C24H16N3

7

360.113

C24H14N3O

8

362.128

C24H16N3O

9

364.144

C24H18N3O

10

376.108

C24H14N3O2

11

394.118

C24H16N3O3

12

477.170

C32H21N4O

13

493.165

C32H21N4O2

14

509.160

C32H21N4O3

15

574.203

C40H24N5

16

606.191

C40H24N5O2

*This molecular formula represents a molecular ion, the remaining formulae in the table represent a
protonated form of the molecule

The emphasis of this work is on optimizing the best conditions for treatment of some
heterocyclic aromatics and provisionally identifying products of such treatment. While
additional analysis is necessary to conclusively identify product structures and, hence, to
draw a conclusion on the possible mechanism of product formation, which is out of the
scope of this dissertation, based on the putative mechanism suggested by previous research
190,192

, a possible pathway for oxygen incorporation products (such as Figure 4-79 (c), (d)

and (h)) formation, could be initiated by indole radical through oxidation by SBP. The
radical can diffuse into the solution and captured by O2 to generate indoline. Indoline is in
tautomeric equilibrium with its analogue, hydroxyindole. Hydroxyindole is a possible SBP
substrate and could be oxidized to form another reactive radical which might be captured
by O2 to form isatin or couple through C-C bond formation to another radical to form
indigo.
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Additionally, the resonance of the generated radical might be delocalized onto the benzene
ring of the indole (position 6, for example). Formation of indoline or hydroxyindole could
follow under aerobic conditions. Presence of the OH-group could make it a classical SBP
substrate leading to the formation of a phenoxyl-type radical. Oxidative coupling of this
radical by SBP could lead to the formation of 6H-oxazolo[3,2-a:4,5-b′]diindole. Gillam et
al., stated that the diindole product could not be formed in the presence nor in the absence
of indole so the active site of the enzyme is responsible for such oxidative ring closing
reactions.190 Formation of products by oxidative coupling and ring closure in the enzyme
active site was previously reported for P450s.193

4.3.3

2-Aminothiazole

The mass spectrum of the 2-AT standard is recorded in Figure 4-80. The dominant peak
observed in the spectrum is m/z 101.017 corresponding to formula of [C3H5N2S]+, the
protonated 2-AT. Two lower abundance peaks observed at m/z 102.019 and m/z 103.013
could be representing the

13

C and

34

S isotopic forms of the standard. Supernatant and

precipitate of the enzymatic reaction of 2-AT conducted under optimal conditions, were
analyzed by mass spectrometry, Figures 4-81 and 4-82, respectively. In the former
spectrum related to the supernatant, the peak of standard (m/z 101.017), [MH]+, was
observed after the treatment (data not shown). Additionally, two other significant peaks
were observed in the same spectrum at m/z 199.011 and 196.996, which are consistent with
the protonated forms of an oxidative dimer, [C6H7N4S2]+, and its dehydrogenation product,
[C6H5N4S2]+, neutral structures shown in Figure 4-83 (b), three possibilities, and (a),
respectively. No peaks indicating the presence of higher oligomers were observed in the
supernatant.
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Figure 4-80. Mass spectrum of 2-AT standard

Figure 4-81. Mass spectrum of the supernatant of 2-AT enzymatic treatment
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Figure 4-82. Mass spectrum of the precipitate of 2-AT enzymatic treatment

For 2-AT and some other substrates, ESI-MS analysis was conducted to confirm the data
with ASAP-MS specifically due to the interference of co-solvents such as DMSO used to
increase the solubility of the substrate during the reaction. Although the concentration of
DMSO in the reaction medium was kept ≤ 5%, in some cases it resulted in ion suppression
by formation of DMSO clusters during MS analysis.194 Analysis of the precipitate of the
reaction (Figure 4-82) after treatment using ESI-MS showed no more than one of the
dimers already observed in the reaction supernatant. The m/z 199.009 indicates the
presence of protonated oxidative dimer with empirical formula of [C6H7N4S2]+, neutral
structure Figure 4-83 (b), in the precipitate. Very low solubility of precipitate in most
organic solvents makes ASAP the preferred ionization technique for these analytes,
including 2-AT. Also, it should be noted that only the analytes volatilized in the ASAP
ionization technique could result in a peak in the spectrum.
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Figure 4-83. Proposed structures of oligomers formed during enzymatic treatment of 2-AT

4.3.4

2-Aminobenzothiazole

Figure 4-84 shows the mass spectrum of standard 2-ABT. The base peak with m/z 151.035
corresponds to the molecular formula of C7H7N2S, representing protonated (MH+) 2-ABT.
A smaller molecular ion peak with C7H6N2S formula at m/z 150.024 was also observed.
Two peaks at m/z 152.034 and m/z 153.028 could be attributed to protonated 13C and 34S
natural abundance isotopes of the 2-ABT, respectively. Two small peaks were also
observed at m/z 109.010 and m/z 136.021 (not visible without scale-expansion of the
spectrum). The fragmentation pattern of benzothiazole derivatives using electro-ionization
mass spectrometry has been studied. Fission of the heteroaromatic ring and formation of
m/z 109 was reported for those benzothiazoles lacking a sulfur at their position 2.
Cyclopentadienyl cation (m/z 65) became the predominant fragment if higher collision
energies were used.195 In our analysis of standard 2-ABT using ASAP ionization, the m/z
109.010 was observed with lower intensity and the empirical formula of [C6H5S]+ was
assigned to Figure 4-86 (a). The m/z 136.021 was attributed to the presence of protonated
benzothiazole, due to the loss of amino group from the standard, [M-NH2]+, with empirical
formula of [C7H6NS]+.The same peak was observed in ESI-MS analysis of 2-ABT standard
(data not shown). Preliminary ESI-MS analysis on the supernatant of enzymatic treatment
of 2-ABT showed nothing beyond the residual substrate. The peak of the protonated
substrate (2-ABT), was observed at m/z 151.032. Figure 4-85 shows the ASAP mass
spectrum for the precipitate formed during 2-ABT enzymatic treatment. Peak 1 at m/z
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151.031, observed in the supernatant and standard spectra is the protonated residual
substrate. The second peak observed at m/z 268.012 matches well with the C14H8N2S2
empirical formula which might be due to the loss of both amino functional groups from a
dimer molecular ion. A possible structure assigned to this formula can be seen in Figure 486 (b). A peak at m/z 269.020 (peak 3) could be assigned an empirical formula of
C14H9N2S2, resulting from the same dimer -2NH2 in protonated form. Figure 4-86 (c) shows
the possible structure for the latter.
The fourth peak detected at m/z 297.026, the base peak, suggests precipitation of the
starting material as a dimer, after the enzymatic treatment. An empirical formula of
C14H9N4S2 could be assigned to the protonated dimer. Considering different resonance
structures of 2-ABT radical, various coupling sites are possible during non-enzymatic
oligomerization.

Figure 4-84. Mass spectrum of 2-ABT standard
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Figure 4-85. Full range mass spectrum of the precipitate of 2-ABT enzymatic treatment

However, all the possible structures resulting from dimerization of 2-ABT will have two
more hydrogen atoms compared to the formula assigned to the base peak in Figure 4-85.
The only possibility is polymerization through N-N coupling (exocyclic nitrogen) to form
a hydrazine and subsequent loss of H2 and formation of azo compound which is depicted
in Figure 4-86 (d). Oxidation of arylhydrazines in presence of hydrogen peroxide in the
reaction mixture might be the reason behind such observation. In fact, autoxidation of 1,2diphenylhydrazine to azobenzene has been reported previously.196 Enzymatic
polymerization of 2-mercaptobenzothiazole has been reported. Although no direct analysis
was conducted on the product, based on substrate:peroxide stoichiometry of the reaction
and insolubility of the products, formation of a dimer through S-S-linkage was proposed.161
While the substrate:peroxide stoichiometry for 2-ABT has been shown to be higher
(0.5:0.75), the type of final product and its polymerization site bears resemblance to
previously reported 2-MBT products. Working hypothesis is that enzymatically-formed 2ABT radicals dimerize by N-N coupling to form a hydrazine which subsequently gets
oxidized to the azo-compound, and dimerize by C-C coupling and then get subsequently
deaminated by the MS conditions, but that no C-N coupling occurs.
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Figure 4-86. Proposed structures of fragmentation products and oligomers formed during enzymatic
treatment of 2-ABT

4.3.5

3-Hydroxyquinoline

ASAP-MS analysis was conducted on 3-HQ standard (not treated, powder), the reaction
supernatant solution and the precipitate after enzymatic treatment to identify possible
polymerization products. Almost no precipitate was observed after the enzymatic treatment
of 3-HQ to be separated and analyzed by MS. The mass spectrum of the standard 3-HQ is
seen in Figure 4-87. Clugston and McLean studied fragmentation patterns of various
methoxy- and hydroxyquinolines using electron impact MS. All monohydroxyquinolines
followed the same fragmentation pattern starting with the loss of 28 mass units (CO)
followed by the loss of another 27 mass units (HCN) with subsequent loss of 1 mass unit
(H) from the molecular ion. They stated that monohydroxyquinolines could be divided to
two groups based on the intensity of the fragmented ion observed. Placing the hydroxy
group at positions 3-, 5-, 6- or 7- reduced the intensity of fragmented ions in the mass
spectrum.197 The base peak in Figure 4-87 observed at m/z 146.060 is attributed to the
protonated ion [MH]+, with [C9H8NO]+ formula. The next peak with lower intensity at m/z
147.063 suggests the presence of the

13

C isotope homologue of 3-HQ. Lower intensity
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peaks were observed, implying the fragmentation of 3-HQ as previously reported,197 Figure
4-88.

Figure 4-87. Mass spectrum of 3-HQ standard

The first peak at m/z 117.057 corresponds to the [M-28], loss of CO from the molecular
ion with an empirical formula of [C8H7N]•+. A possible structure is shown in Figure 4-90
(a). The second peak at m/z 118.064 with the formula of [C8H8N]+ is consistent with the
protonated form of the former. Subsequent loss of HCN, [M-27], and a H• from the peak 1
results in the formation of m/z 89.037 with the formula of [C7H5]+ which is a stable cation
and could fragment further in the same manner as tropylium cation.198 The fourth peak
observed at 91.053 is tropylium ion, [C7H7]+, which is a symmetrical stable cation formed
during fragmentation (Figure 4-90 (b)). In addition, a peak observed at m/z 128.049 could
be the result of loss of water from the protonated 3-HQ, leading to the formation of a
fragment ion with [C9H6N]+ formula (Figure 4-90 (c)). Formation of [C9H6N]+, a
naphthyne, from 8-hydroxyquinoline as a result of loss of a molecule of water was reported
by Nixon and Ross using ESI-MS.199 In the current work, a smaller peak was observed
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(data not shown) at m/z 162.054 which matches well with the empirical formula of a
protonated 3-HQ-N-oxide [C9H8NO2]+.

(1)

(2)

(3)

(4)

Figure 4-88. Mass spectrum of standard 3-HQ in range of 89 to 118 m/z

Figure 4-89 shows the mass spectrum of the supernatant of enzymatic treatment of 3-HQ
in the range of m/z 270 to 450. The first peak observed at m/z 286.073 is from the molecular
ion dimer with an empirical formula of [C18H10N2O2]•+. The most abundant ion peak is that
of m/z 287.082 which matches to the molecular formula of [C18H11N2O2]+ (peak 2), the
result of protonation of the cyclized oxidative dimer molecular ion (Figure 4-90 (d)). Its
13

C isotope analog is also detected at m/z 288.085. The third peak at m/z 289.097

corresponds to another dimer with the empirical formula of [C18H13N2O2]+, the result of
simple oxidative coupling, Figure 4-90 (e), with its 13C isotope observed at m/z 290.100.
The m/z 303.077 and m/z 305.092 (peaks 4 and 5), suggest the presence of two oxidized
species with empirical formula of [C18H11N2O3]+ and [C18H13N2O3]+, respectively. Based
on the suggested formulae, different structures were assigned which are depicted in Figure
4-90 (f) and (g), respectively. As seen from Figure 4-90 (f) and (g), two structures could
be drawn for each formula, hydroxylated or oxidized. Oxidation of pyridine in presence of
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hydrogen peroxide and a catalyst to form pyridine N-oxide has been previously reported.200
Ramanathan et al., have investigated the fragmentation pattern of hydroxylated and Noxidized metabolites using electrospray and atmospheric pressure chemical ionization.
They concluded that the major fragment ion from N-oxides such as pyridine-N-oxide was
due to loss of oxygen from the analyte.201 In this work, peaks 2 and 3 could be resulting
from loss of oxygen from peaks 4 and 5, respectively. Thus, N-oxides might be the possible
structures in Figures 4-90 (f) and (g). In addition to the dimers and their oxidized species,
several lower abundance peaks matching the empirical formula of possible trimers were
observed. A molecular formula of [C27H14N3O3]+ was assigned to the peak 6 observed at
m/z 428.104. Similarly the m/z 429.109 (peak 7) was assigned a formula of [C27H15N3O3]+.
A higher abundance trimer peak 8, matches well with [C27H16N3O3]+, which was observed
along with its

13

C isotope at m/z 431.122. The last peak at m/z 432.123 was assigned a

molecular formula of [C27H18N3O3]+. A very small peak (peak 10, not shown) at m/z
446.112 was observed which was attributed to the presence of a possible oxidized trimer
with an empirical formula of [C27H16N3O4]. MS analysis of the supernatant of enzymatic
treatment of 3-HQ has been summarized in Table 4-7. It should be noted that centrifugation
could not separate the suspended materials in the solution so some of the higher oligomers
detected might be due to the suspended solid present in the solution.
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Figure 4-89. Mass spectrum of the supernatant of enzymatic treatment of 3-HQ from 270 to 460 m/z

Table 4-6. List of m/z observed in the supernatant of 3-HQ enzymatic reaction and their assigned empirical
formulae

Peak Number

m/z

Molecular formula

1

286.073

C18H10N2O2*

2

287.081

C18H11N2O2

3

289.097

C18H13N2O2

4

303.076

C18H11N2O3

5

305.092

C18H13N2O3

6

428.104

C27H14N3O3

7

429.109

C27H15N3O3

8

430.118

C27H16N3O3

9

432.132

C27H18N3O3

10

446.112

C27H16N3O4

*This formula represents a molecular ion, the remaining formulae in the table represent the protonated
form of the molecule
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Figure 4-90. Proposed structures of fragmentation products and oligomers formed during enzymatic
treatment of 3-HQ
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4.3.6

3-Aminoquinoline

Figure 4-91 shows the full range mass spectrum of standard 3-AQ. The base peak observed
at m/z 145.076 corresponds to the [MH]+ with the [C9H9N2]+ formula. The peak with lower
intensity immediately before the base peak was attributed to the molecular ion at m/z
144.068, empirical formula [C9H9N2]•+. The fragmentation pattern of aminopyridines
resembles that of aniline with loss of HCN producing [M–27]+• ion.188 On the other hand,
loss of ammonia was reported from protonated 3-aminopyridine’s mass spectrum.202 Based
on the similarities between aminopyridines and aminoquinolines one could expect to see
the same fragmentation pattern in their mass spectra. The mass spectrum of standard 3-AQ
in the range of m/z 115 to m/z 129 is shown in Figure 4-92. The first peak observed at m/z
117.057 with the empirical formula of [C8H7N]•+, corresponds to the loss of HCN, [M27]+•, from the parent compound. The adjacent peak at 118.065 was attributed to the
protonated form of [M-HCN] with the formula of [C8H8N]+. The presence of m/z 128.049
was attributed to the loss of NH3, [M-NH3], from the protonated ion (base peak in Figure
4-91).

Figure 4-91. Mass spectrum of 3-AQ standard
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Figure 4-92. Mass spectrum of standard 3-AQ from m/z 115 to m/z 129

ASAP-MS analysis was conducted on the supernatant of the enzymatic treatment of 3-AQ,
Figure 4-93. As seen previously for other substrates, the molecular ion and protonated ion
of the monomer (3-AQ) were observed in the solution. Peak one indicates the presence of
[MH]+ in the solution. The peak 2 observed at m/z 255.091 is believed to be a dimer, which
has lost both amino groups, with empirical formula of [C18H11N2]+. Two other possible
dimers, peaks 3 and 4, were observed at m/z 256.097 and 257.106. The former was
understood to be the molecular ion with an empirical formula of [C18H12N2]•+ and the later
was believed to the protonated form with a formula of [C18H13N2] +. Loss of both amino
groups was observed in all three dimers. In addition, peaks 5, 6 and 7 represent three other
possible dimers which have not lost their amino groups. Peak 5 at m/z 283.097 and
empirical formula of [C18H11N4]+ and its 13C isotope at m/z 284.100, could be assigned a
structure depicted in Figure 4-95 (a). The most abundant peak (7), observed at m/z 285.113
with the formula of [C18H13N4]+ with these possible structures is shown in Figure 4-95 (b),
the products of simple oxidative coupling, [2M-2]. The 13C isotope of the base peak was
observed at m/z 286.116.
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(6)
(1)

(5)

(10,11)
(2-4)

(7)
(8,9)

Figure 4-93. Mass spectrum of supernatant of enzymatic treatment of 3-AQ from m/z 130 to m/z 500

The seventh peak at m/z 287.127 with an empirical formula of [C18H15N4]+ could be either
of the structures shown in Figure 4-95 (c). It is noted that the polyazaaromatic structure in
Figure 4-95 (a) could be the result of oxidation of one of the proposed structures in Figure
4-95 (c). On the other hand, the azo compound proposed in Figure 4-95 (c) could be the
result of auto-oxidation or H2O2 oxidation of the hydrazine moiety in Figure 4-95 (b). The
possibility of such oxidation reactions was discussed in section 4.3.4. On the other hand,
Boyd and Eling investigated the polymerization of 2-naphthylamine by HRP and PHS168
and 2-aminofluorene by PHS203 suggesting the formation of ring-oxygenated products in
2-naphthylamine around neutral pH. They concluded that the resonance in 2-NA radical
generates both nitrogen-centered and carbon-centered reactive species leading to the
formation of various products with dibenzophenazine as the major product. Formation of
azo compound (2,2'-azobis(l,l'-dihydroxynaphthalene)) was reported as a result of N-N
radical coupling and oxidation of 2-amino-l-naphthol. Formation of the latter was proposed
to be the result of reaction between molecular oxygen and 2-NA free radical to form a
peroxyl radical. This radical will ultimately be reduced in a series of steps producing 2amino-l-naphthol as one of the transformation products. 203
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Peaks 8 and 9 were assigned the empirical formula of [C18H11N4O]+ and [C18H13N4O]+,
respectively. It is noted that the empirical formulae of peaks 8 and 5 differ only in an
oxygen. The same can be seen for peaks 9 and 6. Loss of oxygen from an N-oxide structure
was also observed for 3-HQ. Based on the major fragmentation pattern reported for
pyridine–N-oxides, Figure 4-95 (d) and (e) structures were assigned to peaks 8 and 9,
respectively. In addition to the dimers, two peaks (10 and 11) at m/z 425.150 and 427.165
were observed which are consistent with the formation of an oxidative trimer in the
enzymatic reaction. The m/z 425.150 matches well to a oxidative trimer with [C27H17N6]+
formula. An empirical formula of [C27H19N6]+ could be assigned to the second trimer
observed at m/z 427.165.
The results of the MS analysis of supernatant of enzymatic treatment of 3-AQ are
summarized in Table 4-8. The ASAP-MS analysis of the precipitate of enzymatic treatment
of 3-AQ is shown in Figure 4-94. It is clearly seen that the most abundant peak is observed
at m/z 283.101 which bears similarity to peak 5 (Figure 4-95 (a)) observed in the
supernatant of the reaction mixture. It suggests the precipitation of the dimer with the
empirical formula of [C18H11N4]+. The peak of its isotope analog was also observed at m/z
284.101. Another dimer with [C18H13N4]+ formula was also found in the precipitate with
its peak at m/z 285.113. Three peaks indicating the presence of N-oxidized or hydroxylated
dimers, were also observed in the precipitate of the reaction, two of which were already
detected in the solution at m/z 299.093 and 301.107 with empirical formulae of
[C18H11N4O]+ and [C18H13N4O]+, respectively. The only one observed in the precipitate
was at m/z 300.098 a molecular ion with [C18H12N4O]•+ formula. In the higher m/z range,
two peaks were observed marking the possible presence of the trimers in the precipitate.
At m/z 425.149, [C27H17N6]+ is seen which was already reported in the solution and at m/z
429.181 a trimer with [C27H21N6]+ formula, is seen solely in the precipitate. Table 4-9 lists
the empirical formulae of identified oligomers in the precipitate of the 3-AQ reaction.
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(1)

(2)

(3-5)
(6,7)

Figure 4-94. Mass spectrum of precipitate of enzymatic treatment of 3-AQ

Table 4-7. List of m/z observed in the supernatant of 3-AQ enzymatic reaction and their assigned empirical
formulae

Peak Number

m/z

Molecular
formula

1

255.091

C18H11N2

2

256.097

C18H12N2*

3

257.106

C18H13N2

4

283.097

C18H11N4

5

285.113

C18H13N4

6

287.127

C18H15N4

7

299.092

C18H11N4O

8

301.107

C18H13N4O

9

425.15

C27H17N6

10

427.165

C27H19N6

*This formula represents a molecular ion, the remaining formulae in the table represent the protonated
form of the molecule
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Table 4-8. List of m/z observed in the precipitate of 3-AQ enzymatic reaction and their assigned empirical
formulae

Peak Number

m/z

Molecular
formula

1

283.101

C18H11N4

2

285.113

C18H13N4

3

299.093

C18H11N4O

4

300.098

C18H12N4O*

5

301.107

C18H13N4O

6

425.149

C27H17N6

7

429.181

C27H21N6

*This formula represents a molecular ion, the remaining formulae in the table represent the protonated
form of the molecule
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Figure 4-95. Proposed structures of oligomers formed in enzymatic treatment of 3-AQ
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4.3.7

2-Aminoimidazole

Figure 4-96 shows the mass spectrum of standard 2-AI in the range of m/z 50 to 260. The
base peak (peak 1) observed at m/z 84.056 corresponds to the [MH]+ with [C3H6N3]+
formula. The second peak immediately before the base peak was attributed to the molecular
ion at m/z 83.048. The empirical formula of [C3H5N3]•+ was assigned to the latter. The third
peak at m/z 85.058 was attributed to the presence of

13

C isotope of the monomer. No

literature regarding the fragmentation pattern of 2-aminoimidazole or imidazoles with
substitution in position 2 was found. ASAP-MS analysis was conducted on the supernatant
of the enzymatic treatment of 2-AI. The peaks related to the [MH]+,[C3H6N3]+, its cation
radical and 13C isotope were observed with lower intensity in the supernatant of the reaction
(not shown). Furthermore, the peak at m/z 163.072 was attributed to the presence of a
protonated azo-dimer, [C6H7N6]+, Figure 4-97. A possible structure assigned to the peak 1
is shown in Figure 4-101 (a). The peak at m/z 164.081 was assigned to 2-AI dimer radical
cation, [C6H8N6]•+. The protonated dimer peak was observed at m/z 165.088, [C6H9N6]+,
as the base peak with plausible structure assigned in Figure 4-101 (b). The fourth peak was
attributed to the 13C isotope of the dimer at m/z 166.093.

(1)

(3)
(2)

Figure 4-96. Mass spectrum of 2-AI standard
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(3)

(4)
(1)

(2)

Figure 4-97. ASAP-MS spectrum of the supernatant of enzymatic treatment of 2-AI from m/z 161 to m/z
168

ESI-MS analysis on the supernatant of the reaction was conducted to confirm the presence
of reaction products. The molecular ion and protonated ion of the 2-AI monomer were
observed in the solution (not shown). As seen from the Figure 4-98, the peak of protonated
dimer, [C6H9N6]+ and its

13

C isotope were observed at m/z 165.088 and m/z 166.089,

respectively. No peak indicating the presence of a dimer with [C6H7N6]+ formula was
observed in the ESI-MS data. On the other hand, as seen in Figure 4-99, a peak at m/z
242.089 could be a protonated trimer, [C9H8N9]+ and the peak at 243.094 was attributed to
its 13C isotope. ESI-MS analysis of the reaction blank (containing everything except 2-AI)
did not show any peak at m/z 242.089, indicating it should be the product of enzymatic
reaction. The reason why such trimer was not observed in ASAP-MS analysis of
supernatant could be its low volatility in the experimental conditions. Only in the analysis
by ASAP-MS was the m/z 163.072 observed, attributed to the protonated azo-dimer
(Figure 4-101 (b)). That might be due to the component being easily ionized in ASAP-MS
conditions and temperatures and not in the ESI-MS.
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Figure 4-98. ESI-MS spectrum of the supernatant of enzymatic treatment of 2-AI from m/z 154 to m/z 188

Figure 4-99. ESI-MS spectrum of the supernatant of enzymatic treatment of 2-AI at m/z > than 241
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ASAP and ESI-MS analysis was also conducted on the precipitate of the reaction. For ESI
analysis, the precipitate was dissolved in concentrated HPLC-MS grade formic acid and
run on MS. ASAP-MS analysis did not confirm the presence of any dimer or trimer in the
precipitate of the reaction. As shown in Figure 4-100, two peaks marked the presence of
protonated trimer during the ESI-MS analysis. The first peak at m/z 242.089 fits well with
the empirical formula, [C9H8N9]+, which was already reported in ESI-MS analysis of
supernatant. The second peak at m/z 244.104, [C9H10N9]+, was not observed during the
analysis of supernatant. Plausible structures assigned to [C9H10N9]+ are shown in Figure 4101 (c).

(1)

(2)

Figure 4-100. ESI-MS spectrum of the precipitate of enzymatic treatment of 2-AI
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Figure 4-101. Proposed structures of oligomers found in enzymatic treatment of 2-AI
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4.3.8

2-Aminobenzimidazole

Figure 4-102 shows the mass spectrum of standard 2-ABI in the range of m/z 130 to 270.
The base peak (peak 1) observed at m/z 134.071 corresponds to the [MH]+, [C7H8N3]+.
Peak 2 marks the presence of the molecular ion at m/z 133.064, [C3H5N3]•+. Peak 3 at m/z
135.075 was attributed to the presence of 13C isotope of the monomer. ESI-MS/MS analysis
on 2-ABI has shown two major products ion at m/z 92 [M+H-NH2-CN] and m/z 80 [M+HC2N2H2],204 none of which were observed during our 2-ABI standard analysis.

(1)

(2)

(3)

Figure 4-102. Mass spectrum of 2-ABI standard

ASAP-MS analysis on the supernatant of the reaction of 2-ABI, Figure 4-103, showed the
related peaks of protonated monomer, its radical cation and

13

C isotope, with lower

intensity plus peaks indicating the presence of two different types of dimers. Peak 1 at m/z
262.097 was attributed to the presence of dimer cation radical, [C14H10N6]•+. Peak 2 at m/z
263.104, formula [C14H11N6]+, both are consistent an azo structure which is shown in
Figure 4-106 (a). The third peak at m/z 265.119 was assigned to the second protonated
dimer, [C14H13N6]+, with a plausible structure shown in Figure 4-106 (b).
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(3)
(2)

(4)

(1)

Figure 4-103. ASAP-MS spectrum of the supernatant of enzymatic treatment of 2-ABI from m/z 262 to m/z
266

As for 2-AI, ESI-MS analysis of the reaction supernatant was also conducted for 2-ABI.
The molecular ion and protonated ion of the 2-ABI monomer along with its 13C isotope
were also observed in the ESI-MS spectrum, Figure 4-104. Both dimers seen in ASAP-MS
analysis, were also observed in the ESI-MS data. The first peak at m/z 263.104,
[C14H11N6]+, and the second one at m/z 265.120, [C14H13N6]+, indicate the presence two
types if structural dimer in the supernatant, Figure 4-106. No higher oligomers were
observed in the reaction supernatant under MS analysis conditions.

145

(2)

(1)

Figure 4-104. ESI-MS spectrum of the supernatant of enzymatic treatment of 2-ABI from m/z 262 to m/z
267

ASAP-MS analysis on the precipitate of 2-ABI reaction showed the presence of two dimers
at m/z 263.104, [C14H11N6]+, and at m/z 265.120, [C14H13N6]+ as well as a low intensity
peak of protonated monomer (Figure is not shown). Figure 4-105 shows the result of ESIMS analysis of the precipitate. Aside from the residual monomer peak observed (not shown
in Figure 4-105), the peaks 1 and 2 were attributed to the radical cation and protonated
dimer of C14H10N6. The third peak at m/z 264.107 shows the 13C isotope of the latter and
the last peak at m/z 265.118, [C14H13N6] +, marks the presence of the dimer which was
already reported in solution. No higher oligomers were observed in the precipitate under
the experimental conditions.

146

(2)

(1)

(3)
(4)

Figure 4-105. ESI-MS spectrum of precipitate of enzymatic treatment of 2-ABI

Figure 4-106. Proposed structures of oligomers formed in enzymatic treatment of 2-ABI
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4.3.9

3-Aminopyrazole

ASAP-MS analysis was conducted on the 3-AP standard (not treated, liquid) and the
solution and precipitate after enzymatic treatment to identify possible polymerization
products. The mass spectrum of the standard 3-AP is seen in Figure 4-107. The base peak
observed at m/z 84.056 belongs to the protonated substrate with [C3H6N3]+ formula. The
peak of the 13C isotope of the protonated standard was seen at m/z 85.058. Although not
visible in Figure 4-107, the peak of the molecular ion, [C3H5N3]•+, was also observed at
m/z 83.048. Figure 4-108 shows the spectrum resulting from the supernatant of the
enzymatic reaction. The most abundant peak (1) observed at m/z 163.072 was assigned the
empirical formula of [C6H7N6]+, consistent with the presence of a protonated azo-dimer
species in the solution (Figure 4-112 (a)). As seen from the structure, such formula could
only be assigned to a dimer with an azo bond, as found during the reaction of some other
heteroaromatics with exocyclic amino groups, such as 2-ABT. The second most abundant
peak is its 13C isotope. The supernatant spectrum at expanded scale (Figure 4-108) in range
m/z 100-155, shows 5 significant peaks. Peak 2 (numbering continued from Figure 4-108),
at m/z 133.051 was assigned to a protonated species with the empirical formula of
[C6H5N4]+.

Figure 4-107. ASAP mass spectrum of 3-AP standard
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(1)

Figure 4-108. Full ASAP mass spectrum of the supernatant of enzymatic treatment of 3-AP

(3)

(6)

(2)
(4)

(5)

Figure 4-109. Mass spectrum of the supernatant of enzymatic treatment of 3-AP in range of m/z 100 to
m/z 155
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This formula could be assigned to a bipyrazolyl structure which might come from a dimer
formed through C-C coupling with subsequent loss of 2 amino groups during MS analysis.
Peak 3 at m/z 135.066 assigned the empirical formula [C6H7N4]+, is very similar to the
previous peak observed. Plausible structures are shown in Figures 4-112 (b) and (c),
respectively. Peak 4 at m/z 148.061 with the empirical formula of [C6H6N5]+ is shown in
Figure 4-112 (d). This peak could be the oxidized form of peak 5 observed at m/z 150.077.
Figure 4-112 (e) shows a possible structure for peak 5. Peak 6 on Figure 4-109 at m/z
151.061 was attributed to the presence of [C6H7N4O]+ with possible structure shown in
Figure 112 (f). It should be noted that, although no peak indicating the presence of a dimer
formed through C-C coupling was found, the peaks observed in Figure 4-109 could
indirectly point to its existence. Peak 2 (structure Figure 4-112 (b)) could be formed
through the loss of an oxygen from peak 6, which is the significant fragmentation pattern
of N-oxides. On the other hand, looking at structures (c) and (e), it is noted that peak 2
might be the result of loss of an amino group from peak 6. Considering this successive loss
of both amino groups, presence of a dimer with the empirical formula of [C6H9N6]+ in the
solution, seems possible. A possible oxidized form of the base peak was observed at m/z
179.067 (peak 7, not shown in Figure 4-109). The chemical formula of [C6H7N6O]+ was
assigned to the peak. The possible structures are depicted in Figure 4-112 (g). Figure 4-110
shows the expanded mass spectrum of the supernatant around m/z >244. In addition to the
peaks discussed above, suggesting the formation of the dimer, a less abundant peak
(number 8) at m/z 244.107 fits the formula of a trimer with empirical formula of [C9H10N9]+
with a possible structure shown in Figure 4-112 (h).
The ASAP-MS analysis of the precipitate formed during the enzymatic reaction of 3-AP is
shown in Figure 4-111. No peak indicating the presence of the observed dimers or trimer
observed above were found in the precipitate except a peak at m/z 137.081 which was
attributed to the loss of both amino groups from a dimer with empirical formula of
[C6H9N4]+ to which no structure could be assigned. Table 4-10 lists the empirical formulae
assigned to the observed peaks in the supernatant and precipitate of enzymatic treatment
of 3-AP. The MS analysis data for 3-AP and the oxidized products observed resemble the
observed polymers of pyrrole. Although, unlike pyrrole’s very acidic pH range, the reaction
of 3-AP was carried out in the neutral range; the presence of hydrogen peroxide in the
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solution might be a reason for non-enzymatic production of oxidized oligomerization
products.

(8)

Figure 4-110. ASAP mass spectrum of the supernatant of enzymatic treatment of 3-AP in range of m/z 243
to m/z 245

Figure 4-111. ASAP mass spectrum of the precipitate of enzymatic treatment of 3-AP
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Figure 4-112. Proposed structures of oligomers formed during enzymatic treatment of 3-AP

Table 4-9. List of m/z observed in the supernatant of enzymatic treatment of 3-AP and their assigned
empirical formulae

Peak Number

m/z

Molecular formula

1

163.072

C6H7N6

2

133.051

C6H5N4

3

135.066

C6H7N4

4

148.061

C6H6N5

5

150.077

C6H8N5

6

151.061

C6H7N4O

7

179.067

C6H7N6O

8

244.107

C9H10N9
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4.3.10 4-Aminoantipyrine
ASAP-MS analysis was conducted on 4-AAP standard (not treated, solid) and the solution
after enzymatic reaction under the pre-determined optimal conditions. No precipitate was
observed after centrifuging the yellow supernatant after treatment for further analysis. The
mass spectrum of the standard 4-AAP is seen in Figure 4-113. The base peak observed at
m/z 204.113 is the protonated standard, [MH]+, with its

13

C isotope observed at m/z

205.115. The spectrum resulting from the MS analysis of the enzymatic treatment
supernatant m/z >400 is shown in Figure 4-114. The most abundant peak at 403.187 was
attributed to the protonated azo-dimer with an empirical formula of [C22H23N6O2]+,
structure shown in Figure 4-115 (a). An azo-compound is the only structure matching this
formula. The less abundant molecular ion peak was observed at m/z 402.180 and was
assigned a molecular formulas of [C22H22N6O2]•+. Another peak at m/z 421.198 was
assigned an empirical formula of [C22H25N6O3]+ which was attributed to the presence of
oxygenated or hydroxylated dimer a possible structure is shown in Figure 4-115 (b). It
should be noted that no indication of formation of a dimer through C-C or C-N coupling
was found. Presumably the azo dimer arose via chemical oxidation of the N,N-coupled
dimer, a hydrazine. In addition to the dimer found in the solution, the peaks of protonated
and molecular ion of substrate were also observed (data not shown). Fiamegos and his
colleagues investigated the formation of the quinonoid products during reaction of 4-AAP
and its derivatives with phenol and some of its derivatives using atmospheric pressure
chemical ionization (APCI) LC–MS analysis. They observed that 4-AAP dimer was
formed as a side product and the peak of azo dimer was observed at m/z 402.205 In the
current work, no further oligomerization of 4-AAP was observed. This might be due to the
non-volatility of higher oligomers in the ASAP-MS condition. Another reason could be
that enzyme is only able to polymerize 4-AAP and not its dimer and the dimerization
reaction stops when the enzyme or H2O2 is consumed. During the optimization of the most
important parameters for enzymatic treatment of 4-AAP, a test for peroxide indicated that
no residual peroxide was left at the end of treatment. Addition of fresh enzyme and
peroxide and mixing the solution for another hour increased the removal by less than 10%.
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Figure 4-113. ASAP mass spectrum of 4-AAP standard

Figure 4-114. ASAP mass spectrum of the supernatant of enzymatic treatment of 4-AAP from m/z 400 to
m/z 408
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Figure 4-115. Proposed structure of oligomers formed during enzymatic treatment of 4-AAP
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4.3.11 Hydroxybenzotriazole
The mass spectrum of the HOBT standard is shown in Figure 4-116. The dominant peak
observed is m/z 136.050 corresponding to formula of [C6H6N3O]+, the protonated HOBT.
A lower abundance peak observed at m/z 137.053 marks the 13C isotope of the base peak.
In addition to the [MH]+ peak and its isotope, the molecular ion peak was observed in lower
abundance at m/z 135.044 with the formula of [C6H5N3O]•+. The second-most abundant
peak at 120.055 was assigned the empirical formula of [C6H6N3]+, due to the loss if oxygen
from the base peak. Loss of oxygen was the main fragmentation observed for HOBT under
the experimental conditions.

Figure 4-116. ASAP mass spectrum of HOBT standard

Supernatant and precipitate of the enzymatic reaction of HOBT under optimal conditions,
were analyzed by ASAP-MS. The supernatant spectrum of HOBT enzymatic treatment is
shown in Figure 4-117. Peak 1 at m/z 120.055, was the M-O fragmentation product
observed in the standard spectrum. It is attributed to the loss of oxygen from the substrate
in the spectrometer and has the empirical formula of [C6H6N3]+. Peak 2, which belongs to
the protonated standard, [MH]+, was observed after the treatment at m/z 136.050. Peak 3,
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observed at 237.087 was assigned an empirical formula of [C12H9N6]+, which is consistent
with a dimer losing O2, 2M-O2. Peak 4 at m/z 239.057 was assigned a formula of
[C12H7N4O2]+, consistent with a dimer which has lost N2. Loss of N2 from heterocyclics
with 2 adjacent nitrogens is a common fragmentation pattern.188 Peak 5 at m/z 241.072 fits
well with [C12H9N4O2]+. It can be clearly seen that loss of two hydrogens from peak 5 can
generate peak 4. The base peak in Figure 4-117 was observed at m/z 253.083 and was
assigned an empirical formula of [C12H9N6O]+. Peak 7 at m/z 273.061 fits the empirical
formula of [C12H9N4O4]+. This peak might be the result of addition of oxygen to the m/z
241.072. The peak of oxidative dimer (peak 8), was observed at m/z 269.078 and was
assigned an empirical formula of [C12H9N6O2]+. A possible structure is shown in Figure 4119. The isotope analog of the dimer was observed at m/z 270.082. No higher oligomers
of the substrate were observed in the solution under the analysis conditions. The empirical
formulae suggested for observed peaks in the supernatant of HOBT enzymatic treatment
are listed in Table 4-11.

(5)

(6)

(1)
(2)
(3,4)

(7,8)

Figure 4-117. ASAP mass spectrum of the supernatant of enzymatic treatment of HOBT
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Table 4-10. List of m/z observed in the supernatant of HOBT enzymatic reaction and their assigned
empirical formulae

Peak Number

m/z

Molecular
formula

1

120.055

C6H6N3

2

136.050

C6H6N3O

3

237.087

C12H9N6

4

239.057

C12H7N4O2

5

241.072

C12H9N4O2

6

253.083

C12H9N6O

7

273.061

C12H9N4O4

8

269.078

C12H9N6O2

Figure 4-118. The mass spectrum of precipitate of HOBT enzymatic treatment
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Figure 4-118 shows the ASAP-MS data from analysis of the precipitate of enzymatic
treatment of HOBT. Most of the peaks observed in the supernatant were also observed in
the precipitate. The peak of the substrate and its [M-O] were observed at m/z 136.049 and
120.055, respectively. Also the

13

C isotope analog of M-O peak was observed at m/z

121.057. The m/z 253.083 and its 13C isotope analog at 254.085 were also present in the
precipitate. A peak at m/z 257.068 was solely observed in the precipitate. The empirical
formula of [C12H9N4O3]+ was assigned to this peak. This formula resembles a series of
dimer-like structures observed in the solution which might have fragmented through loss
of N2. The peak of oxidative dimer was observed at m/z 269.077 with a lower intensity
compared to the one observed in the supernatant. In addition to the [C12H9N4O3]+, a peak
observed at 273.061 was assigned the formula of [C12H9N4O4]+, which presumably
generates [C12H9N4O3]+ through the loss of an oxygen atom. No indication of further
oligomerization was observed under the experimental conditions, in the supernatant or
precipitate of the reaction. Considering the putative structure of the dimer shown in Figure
4-119, lack of functional groups susceptible to SBP catalysis might be a reason for the
reaction to stop after dimerization.

Figure 4-119. Possible structure of the dimer formed during enzymatic treatment of HOBT
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4.4

Computational analysis

Peroxidases such as SBP are known to catalyze the oxidation of a substrate through singleelectron oxidation processes. What happens in the enzyme catalytic cycle is much more
than a simple substrate binding. The catalytic turnover requires electron transfer from the
substrate to the heme as well as a proton transfer from the substrate.206 The energy required
to remove an electron from the neutral substrate, or the ionization energy132, might affect
enzyme oxidizing ability.137 Moreover, the ease of proton transfer might also affect the
ease of oxidation of a substrate by the enzyme.206 Derat and Shaik have shown these
oxidation processes are stepwise proton-coupled, electron-transfer (PCET) mechanisms
rather than electron transfer (ET) followed by proton transfer (PT) or simply hydrogen
atom abstraction. In the PCET process, the activated SBP acts as electron transfer partner
and the proton is transferred from the substrate to and from the His42 residue by a water
molecule.207 In the current work, the ionization potential of substrates and some structurally
related non-substrates were compared to look for a threshold in ease of ionization which
may explain the relationship between the IP and oxidizing activity of SBP on some
heterocylic aromatics. In addition, substrate radical unpaired spin density maps and
Mulliken charges were calculated in water, with accompanying charge transfer for
calculations in water to visualize the distribution of spin density on the substrate radical.
Spin density in the IUPAC Gold Book is defined as “the unpaired electron density at a
position of interest, usually at carbon, in a radical. It is often measured experimentally by
electron paramagnetic resonance [EPR, ESR (electron spin resonance)] spectroscopy
through hyperfine coupling constants of the atom or an attached hydrogen”.1 All of the
radicals in this study have the potential for being resonance delocalized, thus a
computational estimate of the most probable sites of delocalization would give insight into
the radical coupling regiochemistry. Investigation on the oxidation rate of N-aryl
hydroxamic acids and N-aryl-N-hydroxy urethanes by peroxidases and comparison to the
oxidation rate of phenol, as a classical substrate, showed that fast proton transfer helped
fast substrate oxidation.208 The role of substrate redox potential in the oxidation rate of
some N-hydroxy compounds with laccases has been investigated.135 It was concluded that,
in general, higher E° of enzyme or lower redox potential of the substrate, increases the rate
of oxidation. Additionally, possessing a conjugative/π-electron functional group had
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greater influence on the redox potential compared to having substituents with inductive/σelectron functional group.135 To investigate the possible effect of the redox potentials on
feasibility of catalytic function of SBP, computational models were applied for the
calculation of the redox potential of substrates and some structurally related non-substrates
to study the enzyme catalytic activity vs. substrate redox potential profiles. All the
computational calculations in section 4.4 were conducted by Paul Meister as a
collaboration with Dr. Gauld’s group in the University of Windsor.
4.4.1

Spin density maps for SBP substrates

Enzymatic polymerization of the substrate is a two-step process. First, oxidation of the
substrate generates a radical and ease of such a process is reflected in ionization energy of
the molecule. Second, coupling of radicals happens through the most favored radical
centers, which could be indicated by spin density in the resonance delocalized systems.
Spin density maps and Mulliken charges of all substrate radicals and some of the
structurally related non-substrates were done at the M062X/6-311+G(d) level of theory.
4.4.1.1 Phenol and aniline
Since hydroxy and amino functional groups are the two main substituents investigated in
this study, the calculations were also done for phenol and aniline, as model compounds and
classical substrates of SBP, to be compared with the heterocyclic aromatic compounds that
are the focus of this work. For phenol and aniline, the spin density values are provided for
the formation of the corresponding radical cations by single electron transfer in water.
Furthermore, spin density after the transfer of a proton from the radical cation was also
calculated in water. The spin density values for all the substrates and non-substrates shown
in following Tables, along with their optimized structure, are only the ones in water
considering loss of electron and proton from the neutral molecule. The spin density values
along with the Mulliken charges for the corresponding single-electron transfer processes
in water (without proton transfer) are shown in Appendix G. Appendix H shows the same
for non-substrates. For phenoxyl radical, the para-carbon carries the highest spin density,
followed by oxygen and then both ortho-carbons. Table 4-12 lists the spin density values
and Mulliken charges for the phenoxyl radical. The ab initio calculations of the phenoxyl
radical found three types of bonds in phenoxyl radical. The bond distance between the ipso161

carbon and the oxygen is less than 1.25 A°, which is close to the length of a double bond.
The adjacent C-C bonds have a bond length of 1.46-1.50 A° making them closer to single
bond character.209

Considering the spin density values of phenol radical cation (Appendix G), it is noted that
the spin density is delocalized mostly on ipso- and para-carbons. Ortho carbons and the
oxygen have positive but very small (0.07) spin densities. Removing the proton from the
radical cation and forming the phenoxyl radical in water, delocalizes the spin over paracarbon, oxygen and the ortho-carbons which is delocalization over the whole molecule.
Presence of the phenoxyl radical could contribute to the formation of dimers with orthoand para- linkages as well as coupling through the oxygen.
Breton and Hoke studied photochemical reactions of N-methyl-triazolines with substituted
benzenes. They suggested there is a strong correlation between the predicted spin densities
on the radical cation intermediates and the resulting product distributions from the
reactions.210 Consistent with this, experimental data supports the presence of oxidative
coupling products of phenol linking between its oxygen and ortho- and para- positions.211
If the correlation between the electron density of the atom and coupling position exists
(considering other factors such as steric hindrance), we expect to see ortho- and paracoupling during the polymerization process with phenol.
Armstrong et al., studied the coupling between phenoxyl radicals theoretically and
suggested that the spin density in a phenoxyl radical might determine the fate of the final
products. They suggested that coupling by ortho-para or ortho-ortho positions are the most
energetically favored (compared to para-para coupling).212 In addition to the C-C
coupling, studying the product of oxidative polymerization of phenol in a mixture of
organic solvent and phosphate buffer has confirmed the formation of polymeric products
through C-O coupling.213 Although theoretically possible, formation of phenolic dimers
through O-O coupling has not been reported. The O-O bond energy (142 𝑘J/mol), makes
it weak and unstable compared to the other bonds (C-C and C-O). One reason for such
difference is the repulsion between lone pairs being larger in smaller atoms such as oxygen.
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Moving down from oxygen to sulfur the atomic size increases compensating the repulsion
of lone pairs in sulfur.214
Table 4-11. Calculated spin densities and Mulliken charges for phenoxyl radical

C1
C2
C3
C4
C5
C6
O C1

Charges

Spin density

-0.15
0.38
-0.16
0.19
-0.16
0.38
-0.47

-0.08
0.16
-0.16
0.42
-0.16
0.30
0.37

1
6

2

3

5
4

It has been shown that oxidation of ferulic acid (a phenolic compound), by HRP, is initiated
by the PCET mechanism in which compound I and II participate as ET partners and the
His42 accepts the proton from the substrates through a water molecule.207 Pulse radiolytic
oxidation studies of phenol in acidic aqueous solution has confirmed that phenoxyl radical
is the predominant oxidation product of phenol rather than its radical cation. This was
attributed to the change of pKa of the phenol from 10.0 to -2.0 in solution, in its radical
cation, making it a very strong acid.215
In a PCET process thermodynamic factors such as pKa and redox potential play a critical
role as a PCET process can be considered as the sum of ET and PT processes. The proton
transfer step is an acid-base equilibrium with the pKa representing its acid dissociation
constant. On the other hand, the reduction potential is the measure of the free energy
changes from substrates to products. Interestingly, the difference between the redox
potential of the phenol/phenol•+ (1.50 V vs. NHE) and reported redox for the
phenol•/phenol- pair (0.79 V vs. NHE) shows that the oxidation process of the phenol will
be much easier in the absence of the proton, making both pKa and redox potential driving
forces of the PCET process of phenol. 216
The spin density values of anilino radical are listed along with Mulliken charges in Table
4-13. The highest spin value is observed on the nitrogen atom. Carbon in the para-position
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holds the second-highest spin density in the molecule. The ortho-carbons show smaller but
positive spin densities. Comparing the anilinium cation radical spin densities (Appendix
G) with the anilinium radical, one could see that the spin densities are delocalized over the
nitrogen, para and ortho-carbons in both. As seen for phenol, the correlation between the
spin density and possible radical coupling products should lead to coupling through
nitrogen of the amino group and/or ortho- and para-carbons. Polyanilines have been
synthesized by peroxidases such as HRP. Ortho- and para-directed coupling has been
reported during polymerization. The type of co-solvent used and the pH of the solution
affects the ratio of ortho-directed units to para-directed units. Solvents with high dielectric
constant or high pHs favor ortho-directed coupling.217 On the other hand, conversion of
aniline and its derivatives to azobenzene (via the intermediate hydrazine) by HRP is not
unheard of, indicating N-N coupling occurs during product formation.114 Having the
highest spin density on the nitrogen atom indirectly suggests the possibility of presence of
azo compounds in polymerization products of aniline by such enzymes. It should be noted
that other factors such as the stability of the final products and the experimental conditions
play an important role in the formation and ratios of the final products.217
Study of the aniline radical cation has shown that loss of a π-electron from the N lone pair
leads to coupling of the remaining electron with the π electron of the ipso-carbon and
formation of C=N bond. This restores the molecule’s planarity and leads to the formation
of double bond between C2-C3 and C5-C6 and adapting a quinoidal form by the aniline
radical cation.218
Table 4-12. Calculated spin densities and Mulliken charges for anilino radical

C1
C2
C3
C4
C5
C6
N C1

Charges

Spin density

-0.84
0.43
-0.21
0.17
-0.16
0.73
-0.13

-0.20
0.25
-0.13
0.32
-0.13
0.28
0.60
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1
6

2
5

4

3

Oxidation of aniline leads to the formation of aniline radical cation which can lose a proton
to generate anilino radical. Investigation on the thermodynamic factors of the anilinium
radical cation has shown that upon one-electron oxidation the pKa of anilinium cation
increases from 4.6 to 7.05.216 Although no reduction potential for the aniline/aniline•+ has
been reported, considering the pKa of the radical cation, one could imagine that
deprotonation of the radical cation is pH dependent. This suggests that the PCET process
is favored in acidic solution whereas the ET process might dominate in more basic
conditions.
4.4.1.2 Pyrrole and indole
For SBP substrates, spin densities and Mulliken charges were calculated for the formation
of the radical cation by single-electron transfer in water. The spin density values and the
charges of all atoms in pyrrole radical are listed in Table 4-14. Spin density is delocalized
on the α carbons of pyrrole. The same result was observed for the radical cation (Appendix
G). This delocalization of spin density over the α-carbons indicates a higher possibility for
α-α coupling during pyrrole polymerization. X-ray photon-electron spectrometry analysis
of polypyrrole film has shown that α-α linkage is the main route of polymerization of
pyrrole π-radical cations although minor coupling through the α–β linkages was also
reported.219 The chain growth of pyrrole monomer has been studied by Yurtsever and
Yurtsever using ab-initio calculations and relative stabilities of different oligomers were
investigated. It was shown that β-β linkages have the least stable form of linkage and the
lowest bond energy belongs to α-α linkage.220
Table 4-13. Calculated spin densities and Mulliken charges for pyrrole radical

N1
C2
C3
C4
C5

Charges

Spin density

-0.32
0.13
0.03
0.02
0.13

-0.17
0.50
0.08
0.08
0.50

4
5

3

2
1
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The spin density map of indole radical, quite different from pyrrole, as the highest spin
density delocalization is observed on the pyrrole ring of indole radical upon oxidation.
Table 4-15 lists the spin density values and Mulliken charges of indole radical. The carbon
in position 3 carries the highest spin density followed by nitrogen. The C-4 of the benzene
ring shows the highest spin density after nitrogen. Yurtsever and Yurtsever studied the
stability of dimers and higher oligomers of indole formed during electrochemical oxidation
of indole monomer. They stated that the highest spin density observed at C-2 makes it a
likely polymerization site for indole radical cation. Additionally, dimer formation through
C-2 linkage was ruled out as it inhibits further polymer growth due to the low configuration
energy and small torsional angle. Positions 3 and 7, were labeled the most reactive after C2 and contributors to the formation of dimer through linkage with C-2. The possibility of
formation of cyclic structures which are sterically and thermodynamically stable, was also
studied by the group. They concluded that cyclic trimer and tetramers could be formed with
six- and eight –membered rings in the center, respectively. Linkage through C-2 and C-3
and C-6 and C-7 was believed to generate the most stable cyclic structures.221
Triazatruxene and isotriazatruxene (cyclic indole trimers, Figure 4-79 (g)), could be
chemically synthesized from indole and 2-indolone, respectively. These planar π-extended
conjugated indole trimers show high thermal stability and have electron-rich properties
which makes them an exceptional material for the use in light-emitting diodes.222 The
possibility of formation of the above conjugated indole trimers during enzymatic treatment
of indole in the current research was discussed in section 4.3.2.
Warren et al., investigated the importance of thermodynamic factors in PCET on indole
and tryptophan along with many other compounds. One-electron oxidation of indole (pKa
in water 17.0) generates a radical cation with weak acid character (pKa 4.9). They
concluded that, unlike phenol, oxidation of indole generally leads to the formation of a
radical cation.216 Considering the reported pKa of indole radical cation, use of extremely
acidic solution in our experiment (pH 1.6), might disfavor deprotonation of the radical
cation. The highest spin value of indole radical was observed on C-3 with a positive spin
value delocalized over the nitrogen and C-4 and C-6 of the benzene ring, delocalizing the
spin density over the whole molecule. Generation of indole radical cation does not change
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the spin delocalization pattern over the whole molecule but decreases the delocalization
over the nitrogen atom while increasing it over the C-4 and C-6 of the benzene ring
(Appendix G).
Table 4-14. Calculated spin densities and Mulliken charges for indole radical

Charges

Spin density

0.29
0.40
-0.57
1.96
-0.57
0.15
-0.10
-0.39
-0.58

0.23
-0.05
0.57
-0.90
0.21
-0.05
0.16
-0.01
0.03

N1
C2
C3
C 3a
C4
C5
C6
C7
C 7a

4

3

3a

5

2

6
7

7a

1

4.4.1.3 Thiazoles
As seen from the Table 4-16, the spin density of 2-AT radical is delocalized over the
exocyclic nitrogen of 2-AT. The carbon atom in position 5, adjacent to the sulfur atom,
possess the second highest spin density value. Based on the spin density distribution of 2AT and regardless of other factors affecting the polymerization products, one might expect
to observe more coupling through the exocyclic nitrogen and C-5. ASAP-MS conducted
on the supernatant of enzymatic treatment of 2-AT in section 4.3.3, indicates the possible
presence of two protonated dimers with the empirical formulae [C6H5N4S2]+ and
[C6H7N4S2]+, possible structures were shown in Figures 4-83 (a) and (b), respectively. The
only possible dimer structure for the first empirical formula is coupling through the
exocyclic nitrogens and formation of an azo bond (through initial formation of a
hydrazine). Although different structures could be drawn for the second dimer, based on
the spin density distribution on the 2-AT radical, coupling through C5-N or C5-C5 linkages
are more likely. Electrochemical polymerization of 2-AT in acetonitrile223 and in
ammonium oxalate solution180 have been previously reported and the structural analysis of
the polymer was conducted using FTIR, UV-vis and 1H-NMR. It was concluded that the
polymer formation proceeds by oxidation of the amino group and formation of the cation167

radical. Coupling of cation radicals was believed to happen through C-N linkage and no
stretching indicating the presence of -N=N- was reported.180,223
Table 4-15. Calculated spin densities and Mulliken charges for 2-AT radical

S1
C2
N3
C4
C5
N C2

Charges

Spin density

-0.08
0.31
-0.26
-0.06
0.30
-0.21

0.15
-0.15
0.26
-0.05
0.39
0.40

4

3

5

2
1

For 2-ABT, the spin density was mainly delocalized on the exocyclic nitrogen (Table 417) as observed in case of 2-AT, but the endocyclic nitrogen has comparable spin in
contrast to 2-AT. As observed for 2-AT, the exocyclic nitrogen is the most probable site of
polymerization for 2-ABT. Coupling through C-7a is not expected to contribute in the
formation of polymerization products due to steric hindrance and disruption of aromaticity
in the product.

Table 4-16. Calculated spin densities and Mulliken charges for 2-ABT radical

S1
C2
N3
C 3a
C4
C5
C6
C7
C 7a
N C2

Charges

Spin density

-0.50
0.43
-0.26
-0.57
-0.57
0.00
0.10
-0.32
1.90
-0.20

0.07
-0.17
0.36
-0.10
0.11
-0.05
0.22
-0.11
0.26
0.41
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4
3

3a

5
6

2
7a
7

1

To the best of our knowledge no spin density calculations for 2-AT or 2-ABT radicals have
been reported. Electrochemical polymerization of 2-AT and 2-ABT using a chemical
oxidation technique has been reported. Characterization of 2-ABT polymerization products
by 1H-NMR suggested exocyclic nitrogen and C-6 are the preferred polymerization sites.181
ASAP-MS analysis of the 2-ABT reaction mixture in section 4.3.4, indicates the possible
presence of two types of protonated dimers with the empirical formula of [C14H9N4S2]+
and [C14H9N2S2]+, the former consistent with azo formation subsequent to nitrogen
coupling of two 2-ABT radicals.
4.4.1.4 Quinolines
The spin values and Mulliken charges of 3-HQ for each atom are listed in Table 4-18. As
seen from the table, the spin density is delocalized over both pyridine and benzene rings of
3-HQ. C-4 and the oxygen have the highest spin density values of the pyridine ring. On the
benzene ring, C-5 and C-7 hold the higher spin densities with respect to the other atoms.
These values suggest the highest possibility of coupling through oxygen and C-4 during
enzymatic polymerization of 3-HQ. A linkage through oxygen and C-4 could lead to the
formation of a dimer structure suggested in Figure 4-90 (d). On the other hand, carboncarbon coupling at position 4 may contribute to the formation of the dimer shown in Figure
4-90 (e).
Table 4-17. Calculated spin densities and Mulliken charges for 3-HQ radical

N1
C2
C3
C4
C 4a
C5
C6
C7
8C
8a C
O C3

Charges

Spin density

-0.22
0.35
-0.01
0.05
1.38
-1.10
-0.07
0.01
-0.04
-1.07
-0.46

-0.07
0.14
-0.08
0.46
-0.18
0.16
-0.10
0.20
-0.11
0.16
0.36

5

4
4a

6

3

7
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2

8a
8

1

Similarly to the 3-HQ, the spin density values of 3-AQ in Table 4-19 shows highest spin
density distribution on the pyridine ring of 3-AQ, but positive spin values are also observed
on the benzene ring. The exocyclic nitrogen of the molecule has the highest spin density
value, similar to 2-AT and 2-ABT. Unlike thiazoles, the endocyclic nitrogen in 3-AQ
shows a negative spin density value. Carbon in position 4 shows high spin density value
followed by positions 7 and 5 on the benzene ring. Structural analogy to 3-HQ might
suggest similar product pattern for 3-AQ, as shown in Figure 4-95.

Table 4-18. Calculated spin densities and Mulliken charges for 3-AQ radical

N1
C2
C3
C4
C 4a
C5
C6
C7
C8
C 8a
N C3

Charges

Spin density

-0.25
0.31
-0.22
0.18
1.33
0.12
-0.08
-0.02
-0.04
-1.09
-0.25

-0.09
0.14
-0.23
0.47
-0.16
0.18
-0.08
0.16
-0.11
0.16
0.56

4

5
4a
6

3

7
8

2

8a
1

Based on the spin values observed, C-C coupling through position 4 might lead to the
formation of the first structure in Figure 4-95 (b). Possible N-C couplings might favor
formation of dimers reported in Figure 4-95 (c) and (d). Similar to aminothiazole,
formation of azo dimer is possible due to the auto/H2O2-oxidation of hydrazine dimer
formed as a result of N-N coupling. Such a dimer will have the empirical formula
(protonated) of [C18H15N4]+ (observed during MS analysis of 3-AQ). As this formula could
arise from N-C coupling and ring closure of a dimer in Figure 4-95 (c) also, additional
analysis is necessary to conclude which type of coupling contributes to this empirical
formula.
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4.4.1.5 Imidazoles
In the 2-AI, high spin density value was observed on the exocyclic nitrogen and C-5 of the
ring. The calculated spin density values in Table 4-20 indicate that higher spin density of
the pyrrole type nitrogen of the ring compared to the pyridine type nitrogen. According to
the spin density values observed, C-C coupling through position 5 or N-C coupling
between C-5 and the exocyclic nitrogen could lead to the formation of dimer proposed in
Figure 4-101 (b). Similar to the other amino-substituted substrates, formation of an azo
dimer through oxidation of the hydrazine dimer (result of N-N coupling), is proposed to be
responsible for the formation of the dimer observed in MS analysis in Figure 4-101 (a).
Jeilani et al., studied the mechanism of polymerization of 2-AI radical for the formation of
polyzaporphyrin in non-aqueous environments. The 2-AI radical was supposedly formed
on the exocyclic nitrogen and stabilized through resonance into the aromatic ring.
Oligomerization of the free radical could follow by N-C coupling of exocyclic nitrogen
and C-5.224

Table 4-19. Calculated spin densities and Mulliken charges for 2-AI radical

N1
C2
N3
C4
C5
N C2

Charges

Spin density

0.08
0.39
-0.39
0.15
0.10
-0.32

0.08
-0.12
0.22
0.02
0.33
0.46

1
5

2

3

4

For 2-ABI, the regions with highest spin density distribution are on the heterocyclic ring
of the molecule, Table 4-21. The exocyclic nitrogen, pyridine-type endocyclic nitrogen and
C-3a show the highest spin values. Adequate positive spin value is also delocalized on C5 of benzene ring. High spin densities on the amino- and pyridine-type nitrogens are similar
to the pattern observed for 2-AI. The carbons in position 3a and 5 fall after the nitrogen
although due to the disruption of aromaticity, no contribution from the C-3a in the
formation of final product is expected.
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Table 4-20. Calculated spin densities and Mulliken charges for 2-ABI radical

Charges

Spin density

-0.44
0.48
-0.03
1.02
-0.91
-0.01
-0.04
-0.76
0.98
-0.29

0.31
-0.14
0.05
0.27
-0.07
0.19
-0.01
0.02
-0.06
0.43

N1
C2
N3
C 3a
C4
C5
C6
C7
C 7a
N C2

4

3a

3

5

2
6

7

7
a

1

Considering the spin values, possible N-N, C-C and N-C coupling could be predicted for
the formation of 2-ABI dimer. Seen in Figure 4-106 (b) several structures could be
suggested. On the other hand, as for 2-ABT, the presence of a dimer with azo linkage was
proposed due to the presence of a peak fitting the structure given in Figure 4-106(a).
4.4.1.6 Pyrazoles
As expected, in the 3-AP, Table 4-22, the highest spin is located on the exocyclic nitrogen.
The pyridine-type nitrogen, N-2 has higher spin density than the pyrrole type nitrogen, as
observed for imidazoles. The spin density values and Mulliken charges of the 3-AP radical
are shown in Table 4-22. Regardless of any other factor, based on the spin density values,
N-N coupling through the exocyclic nitrogen, C-N coupling with C-4 or C-C coupling
could be the major polymerization routes in 3-AP. Figures 4-112 (b) and (c) show the
proposed structures for the dimers formed through C-C coupling. Possible N-C coupling
leads to the formation of dimers with the same m/z, indistinguishable from the dimers
formed through C-C coupling. As previously proposed for 2-AI and 2-AT, formation of
azo dimer could be a possible dimerization route of 3-AP as proposed in Figure 4-112 (a)
based on MS analysis.
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Table 4-21. Calculated spin densities and Mulliken charges for 3-AP radical

N1
N2
C3
C4
C5
N C3

Charges

Spin density

0.26
-0.31
0.16
0.15
0.00
-0.25

0.15
0.32
-0.18
0.19
-0.09
0.62

4
5

3
1
2

The spin density values and Mulliken charges of 4-AAP are listed in Table 4-23. Spin
density is only delocalized on the heterocyclic ring. The exocyclic amino group shows the
highest spin density, indicating higher probability of formation of aminyl radical on 4AAP. As seen from Table 4-23, C-3, attached to one of the methyl groups shows the
second-highest spin value but in case of oligomer formation, coupling through C-3 to other
C or nitrogen of the second radical is hindered due to steric effects and would disrupt
aromaticity in the coupling product. Formation of an azo bond through auto/H2O2oxidation of a hydrazine dimer is proposed in Figure 4-115 (a) based on the MS analysis
data.
Table 4-22. Calculated spin densities and Mulliken charges for 4-AAP radical

N1
N2
C3
C4
C5
N C4
O C5
C 1’
C 2’
C 3’
C 4’
C 5’
C 6’

Charges

Spin density

0.64
0.17
0.53
-0.18
0.18
-0.24
-0.41
-1.50
1.18
-0.21
0.04
-0.05
0.12

0.00
0.10
0.35
-0.13
0.06
0.55
0.06
0.01
-0.01
0.00
0.00
0.01
0.01
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3’

2’
2
1

4’
5’

1’

6’

5

3
4

4.4.1.7 Hydroxybenzotriazole
Table 4-24 shows the spin density values and Mulliken charges of HOBT radical. The spin
density is mostly localized over the heteroatoms, oxygen, N-1 and N-3, of the heterocyclic
ring. Comparing the spin values for radical and radical cation (Appendix G), formation of
HOBT radical cation delocalized the spin density over the whole molecule and for it, C-7
and C-5 of the benzene ring show higher spin values than heteroatoms. In the radical,
coupling is expected to take place through the N-N, N-O or O-O regardless of the stability
of the products formed, due to very low spin density delocalized over the benzene ring. MS
analysis has shown the presence of a dimer, [C12H9N6O2]+, after enzymatic treatment with
a plausible structure assigned as the peroxy-dimer in Figure 4-119.
Table 4-23. Calculated spin densities and Mulliken charges for HOBT radical

N1
N2
N3
C 3a
C4
C5
C6
C7
C 7a
O C1

Charges

Spin density

-0.04
0.02
-0.23
0.27
-0.90
0.02
0.04
0.04
0.02
-0.06

0.21
-0.06
0.21
0.00
0.01
0.05
-0.01
0.08
-0.04
0.55

3
4

3a

5
2
6

7a

1

7

4.4.1.8 3-hydroxycoumarin
As indicated in Table 4-25, in 3-HC radical, oxygen of the hydroxy group and C-7/C-5 are
placed after C-4 with the highest spin values. Although enzymatic optimization of 3-HC
and product identification were not possible due to lack of proper analytical techniques,
based on the calculated spin values coupling through C-4, the oxygen of hydroxy group
and C-7/C-5 during enzymatic polymerization is plausible.
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Table 4-24. Calculated spin densities and Mulliken charges for 3-HC radical

Charges
O1
C2
C3
C4
C 4a
C5
C6
C7
C8
O 8a
O C2
O C3

-0.25
0.66
0.06
0.04
1.41
0.08
-0.05
0.07
0.00
-1.15
0.44
-0.43

Spin density
-0.02
0.03
-0.07
0.50
-0.16
0.19
-0.07
0.20
-0.12
0.17
0.04
0.31

5

4
4a

6

3
7

8a

8

2
1

4.4.1.9 2-aminobenzoxazole
In 2-ABO radical, both exocyclic and endocyclic nitrogens show high spin values.
Additionally, as seen from Table 4-26, C-6 and C-7a on the benzene ring of 2-ABO show
the second-highest spin values. Beside C-7a which might not participate in radical coupling
due to steric hindrance or aromaticity disruption, the other 3 positions could contribute to
C-C, N-C or N-N bonding during oxidative oligomerization of 2-ABO by SBP. Although
2-ABO was confirmed as a substrate of SBP, optimization and product identification was
not conducted due to lack of proper analytical quantification techniques (same as 3-HC).
Table 4-25. Spin densities and Mulliken charges for 2-ABO radical

O1
C2
N3
C 3a
C4
C5
C6
C7
C 7a
N C2

Charges

Spin density

-0.26
0.51
-0.38
0.81
-0.66
-0.02
0.09
-0.71
0.90
-0.27

0.02
-0.14
0.38
-0.07
0.07
-0.05
0.25
-0.11
0.29
0.36
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4

5

3a

3

2
6
7

7a

1

4.4.2

Spin density maps for SBP non-substrates

Spin density distribution and Mulliken charges were calculated for some of the tested nonsubstrates in this work. The calculations were conducted in water for the formation of
radical with (radical) and without (radical cation) proton loss. The results reported here are
for the loss of electron and a proton, while the data for the loss of an electron are available
in Appendix G.
4.4.2.1 Thiophenes
The spin values and Mulliken charges of thiophene radical are depicted in Table 4-27. The
spin density was largely localized over C-2. The spin density value of almost 1 could be an
indication that the unpaired electron is localized on that atom.225 Comparing the spin
densities of the α-carbons in pyrrole and thiophene, it is noted that position of a labile
proton affects the spin population of the adjacent carbons. For pyrrole, proton elimination
happens from the NH group while the proton elimination in thiophene happens from one
of the α-carbons. Consequently both α- carbons of pyrrole radical have high spin
population but the α-carbon with the labile proton in thiophene has a spin value close to
zero. A variety of thiophene polymers and oligomers have been synthesized due to their
physical and electro-conductive properties. The radical cation electron spin density has
been measured as an indication of reactivity in coupling reactions. The possibility of radical
cation formation was evaluated by the calculation of ionization potential of the molecule.
The spin density was mostly distributed on the carbons in position 2 and 5, which
contributed to the formation of α-conjugated oligo- and polythiophenes.226

Table 4-26. Calculated spin densities and Mulliken charges for thiophene radical

S1
C2
C3
C4
C5

Charges

Spin density

-0.19
0.21
-0.12
-0.12
0.22

0.00
0.93
-0.01
0.07
0.00

4

3

5

2
1
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Table 4-28 shows the spin values and Mulliken charges for benzothiophene radical (BT).
As seen from the Table, the highest spin value is on the C-3, followed by C-4, C-6 and C2. Also, there is a positive spin value observed on the sulfur heteroatom. Aside from the
steric effects, any of these positions could be the site of coupling during a polymerization
reaction.
Lu et al., investigated the electro-polymerization of benzothiophene and its derivatives.
Experimental analysis showed BT and dibenzothiophene dioxide could be polymerized by
direct anodic oxidation. Structural characterization of the polymers was performed using
FT-IR and UV-Vis spectrophotometry. Theoretical calculations such as spin density were
performed to understand the spin distribution as one of the main factors governing the
polymerization. The highest spin values were observed on S-1, C-2, C-3, C-4, C-7, based
on BT radical numbering presented here. This computational data were shown to be in
accordance with experimental results which showed C-2, C-3 and C-7 to be the most
favored coupling sites in electrochemically generated benzothiophene polymer.227

Table 4-27. Calculated spin densities and Mulliken charges for benzothiophene radical

S1
C2
C3
C 3a
C4
C5
C6
C7
C 7a

Charges

Spin density

-0.48
-0.16
0.13
0.53
-0.85
0.11
0.01
0.38
0.33

0.13
0.14
0.49
-0.15
0.19
-0.07
0.17
0.01
0.08

4

3a

3

5

2

6

7a

1

7

4.4.2.2 Furan
The spin density values of the atoms in Table 4-29 indicate a very similar pattern to the
thiophene. C-2 carries the highest spin density on the ring. What is noticeable is that the
heteroatom in pyrrole and furan have a negative spin density value. In thiophene, although
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the heteroatom spin value is not negative, it is very small. In the case of thiophene and
furan, single electron transfer (data provided in Appendix H) leaves both carbons in the αposition with the highest spin density value, similar to what is observed in pyrrole. If the
proton in pyrrole is eliminated from the nitrogen, there is almost no effect on the spin
density distribution of α-carbons. Based on the spin density distribution values, coupling
of furan, thiophene and pyrrole through an α-linkage would be expected if a radical were
generated.

Table 4-28. Calculated spin densities and Mulliken charges for furan radical

O1
C2
C3
C4
C5

Charges

Spin density

-0.06
0.00
0.01
-0.01
0.07

-0.05
1.01
-0.03
0.04
0.02

4

3

5

1

2

4.4.2.3 Indazole
In the current work, we have tried to focus our investigation on the structurally related
heterocyclic aromatics and the possibility of their polymerization with SBP. Indole was
shown to be effectively treated with a low concentration of SBP. On the other hand, the
enzyme was not reactive towards indazole. The highest distribution of spin density was
observed on the N-1 followed by C-3. The calculated spin density values in Table 4-30
indicate a high region of spin density also on C-7. The indole spin density map showed
higher spin density distributed over nitrogen rather than C-3. It is noted that the distribution
of spin density on the first two atoms of indazole is similar to what was previously observed
in case of indole.
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Table 4-29. Calculated spin densities and Mulliken charges for indazole radical

N1
N2
C3
C 3a
C4
C5
C6
C7
C 7a

Charges

Spin density

-0.28
-0.14
0.05
1.32
-1.10
0.24
-0.16
0.30
-0.26

0.51
0.17
0.38
0.06
0.03
0.17
-0.06
0.22
-0.15

4
5

3a

3

2
6

7a
7

1

4.4.2.4 Thiazole
The spin density values and Mulliken charges are listed in Table 4-31. As clearly seen from
the table, localization of spin is largely on C-2. The spin densities of the heteroatoms of the
thiazole ring in this condition are close to zero. While thiazole was shown not be a SBP
substrate, for polymerization, coupling through C-2 could be one of the major sites.

Table 4-30. Calculated spin densities and Mulliken charges for thiazole radical

S1
C2
N3
C4
C5

Charges

Spin density

-0.08
0.07
-0.15
-0.13
0.30

0.05
0.91
0.04
0.08
0.00

4

3

2

5
1

4.4.2.5 Pyridines
Pyridine and its derivatives were another important class of non-substrates in this study.
The spin density values and Mulliken charges are also listed in Table 4-32. A spin value of
almost one is observed on the C-6 (one of the α-carbons) of the pyridine radical. Comparing
pyrrole spin density values to pyridine, both compounds show negative or zero spin density
on the nitrogen. On the other hand, both α-carbons of pyrrole radical cation show equally
high spin values which is also observed in pyridine’s radical cation (Appendix G).
Removing a proton from C-6 of pyridine radical, leaves it with a spin value of almost one,
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showing the spin density localized over this carbon. In pyrrole, the proton is removed from
the nitrogen itself which does not disturb the spin density over the α-carbons.
Table 4-31. Calculated spin densities and Mulliken charges for pyridine radical

N1
C2
C3
C4
C5
C6

Charges

Spin density

-0.01
-0.19
0.36
-0.19
0.32
-0.28

0.00
0.06
-0.04
0.05
0.02
0.90

4
5

3

6

2
1

For 2-hydroxypyridine, C-3 and C-5 show higher distribution of spin compared to the
exocyclic oxygen and endocyclic nitrogen. (Table 4-33).
Naik et al, studied electron transfer from 2- and 3-hydroxyl- and mercaptopyridines to 1,2dichloroethane and generation of their neutral and cationic radicals during pulse radiolysis
reactions. High spin values were reported on the ortho- and para-carbons (positions 3 and
5 in Table 4-32) and the exocyclic oxygen. Comparing 2-HP data to 2-mercaptopyridine
(2-MP) they concluded that, based on spin density values of 2-HP and delocalization of
spin over the whole molecule, it is a more stable radical than 2-mercaptopyridine because
the spin density is only localized on sulfur atom of 2-MP.228

Table 4-32. Calculated spin densities and Mulliken charges for 2-HP radical

N1
C2
C3
C4
C5
C6
O C2

Charges

Spin density

-0.08
-0.19
0.63
-0.18
0.34
-0.16
-0.35

0.16
-0.11
0.42
-0.21
0.46
0.08
0.35

4

3

5

2

6
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For 2-aminopyridine, higher distribution of spin is observed on the exocyclic nitrogen and
the carbons at the para- and ortho-positions Table 4-34. Both exo- and endocyclic
nitrogens carry a negative spin value. Raczyńska et al. conducted a comprehensive DFT
study on the neutral, oxidized and reduced tautomeric forms of 2-aminopyridine and 4aminopyridine.229 The NH2 group is planar only in the case of cation radicals. In neutral
and anion radicals of both compounds a pyramidal conformation was observed. Their spin
density calculation has shown in 2-aminopyridine radical cation, the highest spin
population on the para-carbon and the nitrogen of amino group, respectively. A high
positive spin density was also observed on the C-3.229 Unfortunately no data was presented
for 2-aminopyridine neutral radical to be compared to our result but the calculations for the
radical cation are in agreement with our data presented in Appendix H.

Table 4-33. Calculated spin densities and Mulliken charges for 2-AP radical

N1
C2
C3
C4
C5
C6
N C2

Charges

Spin density

-0.36
0.00
0.41
-0.14
0.20
0.01
-0.18

0.20
-0.23
0.34
-0.17
0.32
-0.12
0.63

4

3

5

2
6

1

4.4.2.6 Quinolines
The spin values and Mulliken charges of each atom of 2-hydroxyquinoline is shown in
Table 4-35. As seen from the Table, while the oxygen atom holds a high positive density,
the nitrogen atom holds higher spin population than oxygen. For the structurally related
substrate 3-HQ, the nitrogen atom had a negative spin value while oxygen was the second
highest after C-4. The benzene ring in both 3-HQ and 2-HQ showed high spin values for
C-7/ C-5 and C-4a/ C-6, respectively.
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Table 4-34. Calculated spin densities and Mulliken charges for 2-HQ radical

N1
C2
C3
C4
C 4a
C5
C6
C7
C8
C 8a
O C2

Charges

Spin density

-0.34
0.36
0.07
-0.13
1.51
0.06
0.02
0.00
-0.04
-1.07
-0.45

0.32
-0.09
0.15
-0.13
0.30
-0.16
0.30
-0.11
0.21
-0.10
0.31

5

4

4a

6

7

3

2

8a

8

1

In 2-aminoquinoline radical the highest spin distribution is observed over the exocyclic
nitrogen with spin 0.60, Table 4-36. The endocyclic nitrogen and C-4a show the highest
spin values after exocyclic nitrogen. Taking into the account the steric factor and disruption
of aromaticity on C-4a, coupling through this position during any possible polymerization
seems unfavorable. It can be noted that the spin distribution is more localized over
heterocyclic ring of 2-HQ. On the other hand, comparing the spin density distribution in 2AQ and 2-AP, exocyclic nitrogen and para-carbon carry the highest spin density in the
radicals.
Table 4-35. Calculated spin densities and Mulliken charges for 2-AQ radical

N1
C2
C3
C4
C 4a
C5
C6
C7
C8
C 8a
N C2

Charges

Spin density

0.00
-0.29
0.27
0.03
2.03
-0.10
0.07
-0.12
0.01
-1.84
-0.06

0.31
-0.21
0.15
-0.11
0.25
-0.13
0.18
-0.08
0.13
-0.11
0.60

4

5

3

4a

6
7

8a
8
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4.4.2.7 4-Hydroxycoumarin
As seen from Table 4-37, for 4-hydrocycoumarin radical the highest spin density is
localized over C-3 of the heterocyclic ring, both exocyclic oxygens carry high spin values,
the steric effects due to positioning between two exocyclic oxygens might make C-3 an
unfavorable site for radical coupling.
Gao et al, studied the transformation of coumarin derivatives using horseradish peroxidase
and investigated the interaction between coumarins and HRP using molecular docking.
Coumarins studied were classified into substrates with one phenolic hydroxyl group, the
ones containing two phenolic hydroxyl groups and 4-hydroxycoumarin being the only one
with an OH group on the lactone ring. 4-HC and parent coumarin were shown not be HRP
substrates, similar to our results using SBP. A similar binding mode was reported for
coumarin substrates (having OH group on benzene ring) and non-substrate coumarins
(having OH group on lactone ring). Different conformations adopted by the former group
facilitated hydrogen bonds of the hydroxyl groups with the catalytic residue His42. In case
4-HC, no hydrogen bond was observed between the hydroxyl group and the nitrogen of
His42, preventing the formation of radical species .230
Table 4-36. Calculated spin densities and Mulliken charges for 4-HC radical

O1
C2
C3
C4
C 4a
C5
C6
C7
C8
C 8a
O C2
O C4

Charges

Spin density

-0.28
0.40
0.50
-0.19
1.46
-0.27
-0.11
0.03
0.40
-1.30
-0.43
-0.44

-0.01
-0.06
0.77
-0.12
0.01
0.00
-0.01
0.01
-0.01
0.01
0.19
0.22

4

5

7
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4a

6

8a
8
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4.4.2.8 Imidazole
Table 4-38 shows the spin density values and Mulliken charges of imidazole radical. The
area with highest spin localizations are observed over the carbon atoms with C-2 carrying
the highest spin value. Yan et al, calculated the spin densities and Mulliken charge
populations for imidazole cation radical. The highest spin value was reported for C-4
followed by C-2 and C-5. Both nitrogens showed a negative spin value similar to our data
reported for the radical cation in Appendix H.231
Coupling through the 3 carbons with higher spin values could be expected during
polymerization reaction of imidazole, although such reactions are not feasible with SBP as
catalyst.

Table 4-37. Calculated spin densities and Mulliken charges for imidazole radical

N1
C2
N3
C4
C5

Charges

Spin density

-0.19
0.12
-0.19
0.13
0.13

-0.12
0.52
-0.12
0.36
0.36

2
1

3

4

5

4.4.2.9 Pyrazole
Table 4-39 indicates in pyrazole radical, the spin density is mostly localized over C-3 and
C-5. In the symmetrical pyrazole radical, removing the proton has also caused an equally
positive distribution of the spin over the adjacent nitrogens.
As seen above in the symmetrical imidazole radical, both nitrogens carry equally negative
spin values with C-5 and C-4 having equally positive spin density localized over them
(similar to C-3 and C-5 in pyrazole).
Based on the calculated spin values for pyrazole, coupling of radicals through C-3, C-5 and
both nitrogens is favorable during possible polymerization, although such reactions were
not feasible using SBP as catalyst.
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Table 4-38. Calculated spin densities and Mulliken charges for pyrazole radical

N1
N2
C3
C4
C5

Charges

Spin density

-0.09
-0.09
-0.04
0.25
-0.04

0.12
0.12
0.47
-0.18
0.47

3

2

4

1

5

4.4.2.10 2-Aminooxazole
As seen from the spin values listed on Table 4-40, in 2-aminooxazole radical, C-5 and both
nitrogens carry the large positive spin densities. Although no literature was found regarding
the spin density map of 2-AO radical, 2-AT bears structural similarities to 2-AO. It is noted
that in the case of 2-AT, the highest spin values were also localized on C-5 and both
nitrogens. For 2-AT, the spin value on the exocyclic nitrogen was slightly higher than C4, unlike what is observed in 2-AO. Based on spin density data, radical coupling through
C-5 and both nitrogens could be possible during polymerization of 2-AO, as observed in
2-AT previously.

Table 4-39. Calculated spin densities and Mulliken charges for 2-AO radical

O1
C2
N3
C4
C5
N C2

Charges

Spin density

-0.18
0.40
-0.33
0.20
0.18
-0.27

0.04
-0.14
0.31
-0.05
0.46
0.39

3
4

2
5
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4.4.3

Ionization energies and redox potentials

As previously described in sections 2.3 and 2.4, several authors have suggested the inverse
relation between substrate ionization energy and the corresponding reaction rate of
peroxidases137-139 but discrepancies in such trends have also been reported.140 To
investigate a possible threshold imposed by ionization energy of the substrate on the
feasibility of enzymatic treatment, the ionization energies of all substrates and some
structurally related non-substrates were calculated in the gas phase. Additionally, standard
reduction potentials of the studied compounds were also calculated in water to look for a
relationship between the redox potential of the substrate and the feasibility of oxidative
polymerization by SBP. All calculations were also conducted for phenol and aniline
radicals as two model substrates because most of the substrates contain a phenolic or
anilino functional group, and as a matter of comparison. Table 4-41 lists the calculated I.E.
and E° values for the substrates and some structurally related non-substrates. It should be
noted that ionization energies of heterocyclic aromatics dissolved in water are not the same
as those in the gas phase. This is due to several factors such as the solvation free energies.232
Ghosh et al., have shown the effect of hydration in shifting ionization energy calculations
of thymine, one of the four nucleobases in the nucleic acid DNA.233
DFT calculations in the gas phase, solution and protein environment (B3LYP/6-31+G(d,p))
on neutral, cation and anion forms of tetrahydrobiopterin, a cofactor in electron transfer to
the P450 heme of nitric oxide synthase, showed that the neutral form of the molecule is the
most stable in the gas phase.234 The ionization energy of the neutral molecule was higher
in average dielectric environment (water) rather than in the gas phase. The reason was the
polarizable wave function of the molecule being affected by an external electric field which
in turn shifts the frontier molecular orbitals and changes the ionization energies and
electron affinities. In solution, the anion was the most stable species due to the average
polarization effect of water.
Electron ionization and electron affinity calculations indicated that the values are
significantly different in gas phase and water. Lower stability of the cation compared to
the anion form of the cofactor was suggested to account for the difficulty in one-election
oxidation of this compound.234
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Table 4-40. Ionization energies and redox potentials of heterocyclic aromatics and model compounds

Compound

SBP
substrate

I.E. in gas
phase (eV)

E ° (V)
vs. SHE
PCMB3LYP

Aniline
Phenol
Pyrrole
Indole
Indazole
Furan
Thiophene
Benzothiophene
Thiazole
2-AT
Benzothiazole
2-ABT
Pyridine
2-HP
2-AP
2-HQ
2-AQ
3-HQ
3-AQ
Imidazole
2-AI
2-ABI
HOBT
Pyrazole
3-AP
4-AAP
3-HC
4-HC
2-AO
2-ABO





×
×
×
×
×

×

×
×
×
×
×


×



×



×
×
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7.72
8.91
8.23
8.01
8.44
8.84
9.50
8.20
9.39
7.81
8.78
7.81
9.60
8.93
8.13
8.33
7.75
8.26
7.65
8.85
7.60
7.51
8.75
9.33
7.82
6.83
8.37
8.72
8.14
7.87

-1.44
-1.20
-1.66
-1.52
-1.71
-2.95
-2.64
-2.52
-2.71
-1.24
-2.31
-1.42
-2.36
-1.47
-1.62
-1.39
-1.73
-1.15
-1.44
-1.78
-1.08
-1.30
-0.82
-2.21
-1.37
-1.08
-1.09
-1.42
-1.26
-1.40

Although all I.E. calculations were done in the gas phase, there is no expectation of them
being the same if the calculations are done in water. The difference, called the solvation
shift, arises while moving from the gas phase to the solution due to the solvent
reorganization energy.235 It is noted from Table 4-41 that aniline possesses a lower
ionization energy compared to phenol in the gas phase but shows a higher I.E. in solution
(data not shown). Job and Dunford suggested that in the gas-phase or in an aprotic solvent,
loss of a proton does not happen simultaneously for aniline and the loss might happen in
the next step, leading to an ease of oxidation in non-aqueous conditions.108 Furthermore,
parent compound gas-phase I.E. is, in general, higher than the amino and phenol
derivatives. For example, in imidazole the I.E. is higher than 2-AI and 2-ABI and the same
applies to the pyrazole and thiazole families but this does not indicate any threshold
imposed by the I.E. of the molecule on the feasibility of the enzymatic treatment by SBP,
as proposed previously for other organic compounds studied with peroxidases.137-139
In accordance with our calculated I.E. values, the gas phase experimental I.E. of several
heterocyclic aromatics along with the two model compounds (phenol and aniline) have
been reported by photoionization or spectroscopic techniques and are collected in Table 442.236-238 To the best of our knowledge, the experimental gas phase ionization energies of
imidazole and coumarin have not been reported and the values in Table 4-42 are from
previously reported theoretical calculations.237,238
Table 4-41. Some previously reported experimental and theoretical ionization energies

Compound

I.E. (eV)

Ref.

Aniline
Phenol
Pyrrole
Pyridine
Furan
Thiophene
Imidazole*
Coumarin*,a

7.70
8.50
8.22
9.27, 9.59
8.88
8.86
8.71
8.72

236
236
237
236,237
237
236
238
239

* The I.E. reported is the result of computational calculations

a This I.E. is not calculated in the current work
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Furthermore, it should be noted that none of the I.E. and redox potential calculations
presented in Table 4-41 are conducted in the enzyme environment. For a more realistic
calculation, the effect of dielectric constant of the enzyme cavity would have to be taken
into consideration. Reynisson and Steenken investigated the effect of hydrogen bonding on
ionization energy between benzyl alcohol derivatives and some mediators (including
HOBT) with imidazole as a model reaction center for laccase and peroxidase enzymes to
understand the effect of enzyme cavity environment on the feasibility of reaction. They
concluded that the ionization energy of the substrate is lowered if a hydrogen bond to the
imidazole exists (mimicking a histidine residue in the cavity). Depending on the substrate,
the I.E. was lowered between 11.3 to 20.6 𝑘cal/mol (0.49 to 0.89 eV) for benzyl alcohol
derivatives and between 17.7 to 62.9 𝑘cal/mol (0.77 to 2.73 eV) for the mediators. This
decrease in the I.E. was suggested to facilitate the oxidation of the substrate in the enzyme
cavity. It was also found that upon oxidation of mediators, the strength of the N-H bond (N
of imidazole and H of mediator in a hydrogen bond) increased much more than that of
benzyl alcohols resulting in complete proton shift from the mediator to imidazole probably
generating neutral mediator radical in contrast to benzyl alcohols.240
Redox potential of the substrate has also been proposed to account for the substrate
specificity of an enzyme126 and it has been suggested that the oxidizing ability of several
peroxidases depends solely on redox potential of their substrates.133 Although oxidation or
reduction potentials of some heterocyclic aromatics such as thiophene, pyridine, quinoline,
indole and the model compounds studied in the current work (phenol and aniline) have
been previously reported, it should be noted that no comparison could be drawn between
them and our data because the conditions of the experiments were varied widely. 236,241-242
Similar to the ionization energies reported in Table 4-41, the standard reduction potentials
were calculated to find a trend or threshold defining substrate reactivity. Redox potentials
were calculated using SMD and PCM-B3LYP solvation methods which were in good
agreement. The SMD calculation results are presented in Appendix I. Considering the
reduction potentials of substrates, no compound has a reduction potential more negative
than about -1.5 V (exception, pyrrole) with the highest reduction potential belonging to
HOBT. For non-substrates, no generalization could be made but most of them have
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potentials more negative than about -1.6 V with a few exceptions such as: 2HP, 2HQ, 4HC,
2AO which have reduction potentials less negative than -1.5 V. Electrochemical studies of
hydrogen peroxide reduction against the standard hydrogen electrode has reported a
reduction potential of +1.77 V, indicating high oxidizing power of this compound.243 In
comparison, all substrates and non-substrates of this study show a negative reduction
potential as an indication of reducing ability. It should be noted that all the compounds
were tested against hydrogen peroxide for the possibility of chemical oxidation. Except 2AT and pyrrole which showed less than 5% chemical oxidation by peroxide in 3 hours,
none of the substrates was chemically oxidized by H2O2. Figure 4-120 shows the ranked
reduction potentials of all substrates and non-substrates presented in Table 4-41, in
ascending order. For the ease of comparison all substrates are shown in blue. It is noted
that although no threshold could be drawn separating substrates and non-substrates, most
substrates show more positive reduction potentials. On the other hand, non-substrates show
more negative reduction potentials except couple of exceptions such as 2-AO, 2-HQ and
4-HC. Although no calculation on the reduction potential of SBP active species
(CpdI/CpdII) has been done in the current work, as no generalized trend was seen in the
redox potential of the studied compounds, the effect of other factors along with reduction
potential of substrate might need to be considered. Previous study on coumarin derivatives
with one or two hydroxyl groups has shown that the binding mode of a substrate in the
enzyme cavity played an important role in the formation of a radical and initiating the
polymerization by HRP. For the hydroxycoumarins which were found to be substrates of
HRP, the orientation adopted by the substrate in the active site facilitated the formation of
a hydrogen bond between their hydroxyl group and the nitrogen of catalytic residue
(His42). No hydrogen bonding for 4-hydroxycoumarin, due to the long distance between
the hydroxyl group and His42, was possible, which accounted for the lack of radical
production from this compound, making it a non-substrate of HRP.230
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Figure 4-120. Ascending order of reduction potentials for all studied compounds listed in Table 46

191

CHAPTER 5
SUMMARY OF RESULTS
In this dissertation, the possibility of treating a large group of heterocyclic aromatics with
soybean peroxidase was investigated. Most compounds were N-heterocyclic aromatics
with a few sulfur- and oxygen-heterocycles. This was done to explore a new class of
substrates rather than classic phenols and anilines. Some of aniline and phenol derivatives
of pyridine, quinoline, coumarin, thiazole, imidazole, pyrazole, pyrrole and indole along
with some related environmental pollutants such as Atrazine were targeted in this work.
The following experiments were conducted:


The sensitivity to the most important treatment parameters (pH, SBP activity, H2O2
concentration and reaction time) were studied for all compounds shown to be SBP
substrates with the aim of finding the best values for ≥ 95% removal of pollutants
from synthetic wastewater. In most cases removal efficiency ≥ 85% was achieved
except for 3-AP, 2-ABI and 2-ABT with 70%, 77% and 30% removal efficiency,
respectively. For pH, a wide range of optima was observed from 1.6 to 8.6. This
shows that the enzyme is still active in very acidic and moderately basic conditions.
Some substrates such as indole were shown to be sensitive to the change in pH
resulting in a big drop of efficiency when getting away from their optima. The
minimum effective enzyme activity for the highest removal efficiency achievable
using the reported conditions were spread over the range of 0.10-5.0 U/mL.
Although increasing the amount of SBP might have led to higher removal
efficiency for some substrates such as pyrrole, using more than 5.0 U/mL is
considered not economically reasonable. The molar ratio between substrate and
hydrogen peroxide was higher than stoichiometrically expected with peroxidases
which could be attributed to the generated oligomers peroxide demand or catalase
activity of SBP. For each substrate a time course study was conducted over 3 h and
the half-life was calculated over the period in which the reaction stayed first-order.
Some substrates, such as pyrrole and indole, showed a high removal efficiency in
the first minute of the reaction which was followed by a slow phase. The half-lives
were normalized with respect to the amount of enzyme used to be compared to each
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other. The shortest normalized half-live was observed for 3-HQ with 0.02 h and the
longest was observed for 2-ABT with 53.77 h.


To get closer to 95% removal efficiency for those substrates not achieving it,
addition of peroxide in intervals, was investigated. For pyrrole, interval addition
changed the optimum amount of peroxide required to half of single addition but
also decreased the removal efficiency by almost 10%. Considering the economic
factors, there is a 20% improvement with stepwise mode using half of the reagent
used in one step addition. Slight improvement in removal efficiency was observed
(5-10%) for 2-AT, 2-ABT, 3-AQ and 3-AP. In general, measuring the residual
enzyme and peroxide after stepwise addition of peroxide and comparing it to onestep addition showed higher residual enzyme activity for stepwise peroxide
addition. The presence of higher peroxide concentrations caused lower residual
enzyme activity. Thus, in most cases one-step addition of peroxide leads to SBP
inactivation, lowering the removal efficiency.



Preliminary analysis of enzymatic transformation products was conducted by mass
spectrometry. For pyrrole, half- and fully-oxidized trimer as well as oxidativelycoupled tetramer were present after enzymatic reaction. For indole, peaks
suggesting the presence of dimer, as well as linear and cyclic trimers were observed.
For 2-AT and 2-ABT, dimers were the highest oligomers observed after the
enzymatic reaction. The empirical formulae assigned in both cases suggested the
formation of an azo dimer which would have arisen from a hydrazine, itself the
product on N,N-coupling of enzyme-generated radicals. For 2-ABT the azo dimer
was the only oligomer observed but for 2-AT, MS data also suggests the presence
of dimers generated through C-C or C-N coupling. For quinoline substrates, dimers
were also the highest oligomers observed during the MS study. The empirical
formulae assigned to those oligomers suggests the presence of cyclic, azo and linear
dimers for both substrates. Imidazole dimers were also detected in the reaction
mixtures. For 3-AP, MS peaks suggested the presence of azo dimer as well as
oxidative dimers arising through C-C and C-N coupling of radicals. For 4-AAP,
only an azo dimer was observed which was expected due to the steric hindrance of
other possible coupling sites in the substrate. For HOBT only one possible dimer
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could be drawn (O-O coupling) which matched the observed m/z of the products
after enzymatic reaction.


Substrate radical unpaired spin density maps and Mulliken charges were calculated
in water, to visualize the distribution of spin density on the substrate radicals.
Phenol and aniline were also studied as model compounds to be compared with the
substrates with anilino and phenolic substitutions. In phenoxyl radical para- and
ortho- carbons and the oxygen of hydroxyl group carry the highest spin densities
increasing the possibility of radical coupling (C-C, C-O and O-O) through these
positions. Similarly, aniline spin density is distributed over the nitrogen of anilino
group plus para- and ortho- positions increasing the chance of radical coupling
through them. Coupling of two exocyclic nitrogens and formation of a hydrazine
would be the precursor of an azo bond formation in polyaniline. In thiophene, the
spin density is localized over C-2 which carried the labile proton. For pyrrole,
proton elimination happens from the NH group while the proton elimination in
thiophene happens from one of the α-carbons, thus pyrrole α-carbons have high
spin densities. The spin density of furan radical is very similar to thiophene radical
and localized over C-2. For the related non-substrates, benzothiophene spin density
is delocalized over both rings in positions 2, 3, 4 and 6. The spin density distribution
of indole and indazole show highest values over N-1 and C-3. On the other hand,
indazole was found to be a non-substrate unlike indole. For thiazoles, the spin
density was localized over C-2 in thiazole and delocalized over the exocyclic
nitrogen and C-5 and the endocyclic nitrogen in 2-AT. For 2-ABT the spin density
was spread over both rings with the highest values observed at the exocyclic and
endocyclic nitrogens. In the thiazole family, 2-AT and 2-ABT were shown to be
SBP substrates and the spin density calculation suggest higher possibility of radical
coupling through the nitrogens. Data on pyridine and its 2-amino- and -hydroxyderivatives shows the spin density is localized over one of the α-carbons (C-6) as
observed previously for thiophene and furan. For 2-HP and 2-AP, the exocyclic
heteroatoms, C-3 and C-5 carry the highest spin values. On the other hand, in
structurally related 2-HQ and 2-AQ the spin densities are distributed over both rings
with endocyclic nitrogen and the exocyclic heteroatoms having the highest spin
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values. Similarly to its non-substrate counterpart, 3-HQ spin density is distributed
over both rings with the endocyclic N, exocyclic O and C-4 showing high spin
values. In all substrates mentioned above, the spin values could account for
coupling sites during enzymatic polymerization. For the imidazole family, the spin
density is largely localized at C-3. For 2-aminoimidazole, the exocyclic nitrogen
and C-5 showed the highest positive spin values increasing the possibility of C-N,
C-C and N-N coupling through these positions. In 2-ABI, the highest spin values
were observed in the heterocyclic ring with spin density distributed over the
exocyclic N, pyrrole type N and C-3. Pyrazole generates a symmetrical radical with
equally positive distribution of spin over adjacent nitrogens. In 3-aminopyrazole,
the spin density is mostly distributed over the exocyclic N and pyridine type N.
Unlike imidazoles, the pyridine-type nitrogen has a higher spin value than the
pyrrole-type nitrogen. In 4-AAP positive spin density is delocalized only over the
heterocyclic ring. The highest spin value belongs to the exocyclic nitrogen and C3. Due to the presence of methyl substitution on position 3, no radical coupling
through this position is expected. In the HOBT radical, the spin density is mostly
delocalized over the heteroatoms, oxygen and N-1 and N-3, of the heterocyclic ring
increasing the chance of radical coupling through the formation of N-N, N-O and
O-O bonds regardless of factors such as product stability. In coumarins, 3-HC
radical spin density is distributed over both rings as observed in quinolines. The
exocyclic O, C-4 and C-5/C-7 have the highest spin values. Unlike 3-HC, in 4-HC
both exocyclic oxygens carry a high spin value and the spin density is distributed
over the heterocyclic ring. The steric effects due to positioning between two
exocyclic oxygens might make C-3 an unfavorable site for radical coupling in 4HC. In 2-aminooxazole radical, the spin density is delocalized over the exo- and
endocyclic nitrogens. In 2-AO, C-5, and in 2-ABO, C-6 and C-7a have high spin
values increasing the possibility of N-N, N-C and C-C radical coupling.


The ionization energies of all substrates and some structurally related nonsubstrates were calculated in the gas phase to investigate a possible threshold
imposed by ionization energy of the substrate on the feasibility of enzymatic
treatment. Data shows that aniline possesses a lower ionization energy compared
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to phenol in the gas phase because loss of a proton does not happen simultaneously
for aniline and the loss might happen in the next step, leading to an ease of
oxidation. In general, parent compounds studied showed higher I.E. than their
amino and phenolic derivatives. For example, in imidazole the I.E. is higher than
2-AI and 2-ABI and the same applies to the pyrazole and thiazole families but this
does not indicate any threshold imposed by the I.E. of the molecule on the
feasibility of the enzymatic treatment by SBP. Furthermore, reduction potentials of
the above compounds were also calculated in water to investigate the relationship
between the redox potential of the substrates and the feasibility of oxidative
polymerization by SBP. No substrate had a reduction potential more negative than
about -1.5 V (exception, pyrrole). The most positive reduction potential was for
HOBT. Most non-substrates showed potentials more negative than about -1.6 V
with a few exceptions such as: 2HP, 2HQ, 4HC, 2AO with E° less negative than 1.5 V. All substrates and non-substrates possess negative E° as an indication that
the reducing ability of most substrates fall in the higher range of reduction
potentials. On the other hand, non-substrates show more negative reduction
potentials except for a few exceptions such as 2-AO, 2-HQ and 4-HC.

196

CHAPTER 6
CONCLUSIONS
The study shows that a range of heterocyclic aromatics, with or without exocyclic anilino
or phenolic groups are substrates of soybean peroxidase. The position of the functional
group, was found to play a role in treatability of some compounds such as hydroxyquinolines and coumarins in which substitution on position 3 made them a SBP substrate
but substitution in position 2 and 4 made them non-substrates. The optimum pH for
treatment of most heterocyclic aromatics studied (except indole and pyrrole) occurred at
the range of 5.6-8.6 which is close to the operating pH range of wastewater (6.5 to 8.5).
Preliminary polymerization products of SBP treatment of heterocyclic aromatic
compounds were investigated and it was shown that predominant products are dimers (a
few instances of trimers) arising from oxidative coupling of enzymatically-produced free
radicals; substrates with exocyclic amino groups invariably end up as azo-dimers. MS data
can only be used to draw a conclusion on the structure of final products or insight to the
mechanism of product formation when used along with other instrumental analysis such as
NMR and FTIR.
Computational analysis was used to offer an insight into the possible coupling positions on
the resonance-stabilized substrate radicals. Calculated radical spin densities predict the
regiochemistry of radical coupling. Calculated ionization energies do not indicate a
threshold separating substrates from non-substrates, while standard reduction potentials
indicate approximate ranges for the two groups; however, anomalies in Eo rankings indicate
that other factors must play a part in enzymatic reactivity.
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CHAPTER 7
FUTURE WORK
Results of this research reveal that use of soybean peroxidase and possibly other
peroxidases could be extended to some heterocyclic aromatic compounds. Further
investigations are necessary ahead of implementing enzymatic treatment of heterocyclic
aromatic compounds as an alternative treatment technique.
1. A thorough investigation on the relationship between enzyme specificity at
heteroatom and other substitution positions on the substrate could be conducted.
This could be done on amino- and hydroxy-substitution derivatives as well as other
important classes of substituents such as halides.
2. Comprehensive study on the effect of wastewater matrix must be conducted prior
to implementing enzymatic treatment. The effect of matrix on peroxide and enzyme
consumption and the removal efficiency in the presence of other contaminants
should be studied in detail.
3. An inclusive and in-depth investigation on the transformation products of such
treatment should be conducted. Use of HPLC- or MS-MS along with other
techniques such as FTIR and NMR could help in determining the type of bonds
formed between oligomers and experimentally identify the most favoured coupling
positions.
4. The environmental compatibility of treated water containing the studied
heterocyclic aromatic compounds transformation products must be determined by
assessing the ecotoxicity of any soluble transformation products.
5. Soybean peroxidase is not known to participate in oxygen transfer reactions as
oxidoreductase enzymes do. A detailed mass spectrometry study on the mechanism
of formation of oxidized products of some substrates such as pyrrole and indole is
necessary to understand the source of oxygen.
6.

Detailed kinetic analysis is needed to determine the specifications necessary for
implementing enzymatic treatments in wastewater treatment plant. Factors such as
Km, Vmax and half-lives of the substrates could be determined using MichaelisMenten kinetics.
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7. A detailed kinetic study could be conducted to determine if inhibition of SBP by
transformation products generated is a reason for the inefficient treatment of some
substrates such as 2-ABT. In such cases, types of enzyme inhibition competitive,
uncompetitive, non-competitive, and irreversible could be characterized by the
changes in Km and/or Vmax.
8. Molecular docking and substrate binding computational studies could be conducted
to clarify the mode by which each substrate from various heterocyclic compound
classes interacts with the enzyme and indicate how the substrate binding mode
plays a role in enzyme specificity and formation of substrate radical to start the
peroxidase cycle.
9. Further computational analysis could be conducted to have a realistic estimate of
the I.E. of the substrate based on the dielectric constant in the enzyme cavity. Such
analysis might lead to a threshold separating substrates and non-substrates. On the
other hand, a detailed time course study might help link the E° to the rate constant
of the reactions.
10. Additional research on conductivity of the oligomers formed during the treatment
of heterocyclic aromatics could be of interest in the area of green synthesis of
conductive polymers.
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APPENDICES
7.1

Appendix A. Enzyme (SBP) activity assay

To determine the activity of soybean peroxidase a colorimetric assay was performed prior
to each experiment. The initial rate of formation of a pink chromophore at 510 nm is
measured. One SBP unit (U) is the amount of enzyme converting 1 μmol of H2O2 per
minute under the assay conditions.143
Reagents to prepare 50 mL solution:
1. 5 mL of 10X concentrated phenol solution ( 0.94 g of phenol (100 mM) in 0.5 M
monobasic/dibasic sodium phosphate pH = 7.4 in 100 mL volume)
2. 0.025 grams of 4-aminoantipyrine (4-AAP)
3. 100 µL of 100 mM H2O2
4. Water
Procedure:
The spectrometer is blanked with 950 µL of freshly prepared assay reagent mixed with 50
µL water prior to running the test. Later, 950 µL reagent is mixed with 50 µL of
appropriately-diluted SBP solution, mixed quickly and the change in the absorbance at 510
nm is monitored.
Calculations:
SBP activity in cuvette (U/mL):

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑎𝑡𝑒 (

𝐴𝑈
60 𝑠
)∗(
)∗𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑖𝑛 𝑐𝑢𝑣𝑒𝑡𝑡𝑒
𝑠
1 𝑚𝑖𝑛
−1
6 𝑚𝑀 ∗𝑐𝑚−1

Activity of SBP sample: SBP activity in cuvette (U/mL)* SBP dilution factor
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7.2

Appendix B. Residual peroxide color test

A colorimetric assay was conducted to determine the residual amount of hydrogen peroxide
after enzymatic reaction. A reagent was prepared which upon addition to the samples,
phenolic radicals formed through the reaction with ARP and peroxide, couple with 4-AAP
and generate a quinoneimine chromophore with an absorbance maximum of 510 nm.144
The absorbance is checked with spectrophotometer after 18 minutes so the color develops
fully.
Reagents to prepare 20 mL solution:
1. 10 mL of 10X concentrated phenol solution ( 0.94 g of phenol (100 mM) in 0.5 M
monobasic/dibasic sodium phosphate pH = 7.4 in 100 mL volume)
2. ~ 0.051 grams of 4-aminoantipyrine (4-AAP)
3. 250 µL of Novo ARP enzyme (concentrate)
4. Water
Procedure:
In order to find the concentration of remaining H2O2, a calibration curve was constructed
by making serial dilutions (0.1 to 1.0 mM) from a 100 mM freshly prepared peroxide stock
solution. To 800 µL of each sample 200 µL of above reagent was added and the absorbance
was monitored at 510 nm after 18 min. Using the data, the following calibration curve was
made by plotting the absorbance at 510 vs. concentration of peroxide (mM).
1.2

Absorbance at 510 nm

1.0

y = 5.3077x + 0.0266
R² = 0.9937

0.8
0.6
0.4
0.2
0.0
0

0.05

0.1

0.15

Concentration (mM)
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0.2

0.25

In order to calculate the remaining peroxide concentration, appropriate dilution (if
necessary when absorbance ≥ 1) of filtered sample from the batch reactor was mixed with
200 µL of reagent to give a total volume of 1000 µL. The spectrophotometer was blanked
accordingly and the absorbance was monitored at 510 nm after 18 min color development
period.
Color correction:
In case of color formation in the batch reactor during enzymatic treatment, a small filtered
sample was taken to include the color correction into our calculations. 800 µL of the filtered
sample was added to 200 µL of water. Prior to that, the spectrophotometer was blanked
with water. The content of cuvette was mixed and the absorbance at 510 was monitored.
This measurement pro-rated to that of sample volume in peroxide test. The data was later
used for the correction in the following calculation.
Calculations:
The equation of the line derived from the calibration curve was used to determine the
remaining peroxide concentration by plugging the unknown absorbance as y and solving
the equation for x:
𝑥=

(𝑦 − 𝑐𝑜𝑙𝑜𝑟 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 ) − 𝑏
𝑚

m: slope
b: intercept
Remaining H2O2 concentration (mM): 𝑥 ∗ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
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Appendix C. HPLC Calibration curves
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Figure 7-1. Pyrrole calibration curve
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Figure 7-2. Indole calibration curve
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Figure 7-3. 2-AT calibration curve
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Figure 7-4. 2-ABT calibration curve
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Figure 7-5. 3-HQ calibration curve in 40 mM pH 8.0 phosphate buffer
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Figure 7-6. 3-AQ calibration curve in 40 mM pH 5.6 acetate buffer
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Figure 7-7. 2-AI calibration curve in 10 mM pH 8.0 phosphate buffer

6000000
5000000

y = 1E+07x - 103424
R² = 0.9994

AVG area

4000000
3000000
2000000
1000000
0
0

0.05

0.1

0.15

0.2

0.25

0.3

Concentration mM
Figure 7-8. 2-ABI calibration curve in 40 mM pH 7.0 phosphate buffer

223

0.35

0.4

0.45

0.5

7000000
6000000

y = 6E+06x - 78003
R² = 0.9998

AVG area

5000000
4000000
3000000
2000000
1000000
0
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Concentration mM
Figure 7-9. 3-AP calibration curve in 10 mM pH 6.0 phosphate buffer
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Figure 7-10. 4-AAP calibration curve in 40 mM pH 7.5 phosphate buffer
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Figure 7-11. HOBT calibration curve in 40 mM pH 3.6 acetate buffer
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Appendix D. Pyrrole enzyme optimization at higher enzyme activities
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Figure 7-12. Pyrrole enzyme optimization
1.0 mM pyrrole, 1.5 mM H2O2 and 40 mM of pH 1.6 buffer

225

9

9.5

10

7.5

Appendix E. Indole pH optimization with ≥ 0.5 U/mL enzyme
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Figure 7-13. Indole pH optimization
1.0 mM indole, 1.5 mM H2O2, 0.5 U/mL SBP
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Appendix F. 2-AT pH optimization with 2 mM peroxide
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Figure 7-14. 2-AT pH optimization
1.5 U/mL SBP, 2.0 mM H2O2, 1.0 mM 2-AT
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Appendix G. Spin densities and Mulliken charges for substrate radical cations

Table 7-1. Spin densities and Mulliken charges for phenol radical cation

C1
C2
C3
C4
C5
C6
O C1

Charges

Spin density

-0.02
0.37
-0.01
0.25
-0.01
0.37
0.05

0.37
0.07
-0.03
0.46
-0.03
0.07
0.07

1
6

2

5

3
4

Table 7-2. Spin densities and Mulliken charges for aniline radical cation

C1
C2
C3
C4
C5
C6
N C1

Charges

Spin density

-0.71
0.65
-0.12
0.26
-0.12
0.65
0.38

0.03
0.21
-0.11
0.42
-0.11
0.21
0.35

1
6

2

5

3
4

227

Table 7-3. Spin densities and Mulliken charges for pyrrole radical cation

N1
C2
C3
C4
C5

Charges

Spin density

0.30
0.20
0.15
0.15
0.20

-0.31
0.51
0.06
0.06
0.51

4

3

5

2
1

Table 7-4. Spin densities and Mulliken charges for indole radical cation

N1
C2
C3
C 3a
C4
C5
C6
C7
C 7a

Charges

Spin density

0.24
0.28
0.01
1.53
-0.60
0.12
-0.60
0.01
-0.40

0.09
0.16
0.40
-0.11
0.26
-0.11
0.26
0.40
0.06
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4
3a

5

3
2

6

7a
7

1

Table 7-5. Spin densities and Mulliken charges for 2-AT radical cation

S1
C2
N3
C4
C5
N C2

Charges

Spin density

0.05
0.41
-0.23
-0.05
0.44
0.36

0.07
0.05
0.11
0.08
0.42
0.27

4

3

5

2

1

Table 7-6. Spin densities and Mulliken charges for 2-ABT radical cation

S1
C2
N3
C 3a
C4
C5
C6
C7
C 7a
N C2

Charges

Spin density

-0.46
0.64
-0.20
-0.74
-0.50
0.06
0.22
-0.30
1.96
0.31

-0.01
0.03
0.21
0.03
0.12
-0.06
0.34
-0.13
0.25
0.21
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5

4

3a

3

2
6

7a
7

1

Table 7-7. Spin densities and Mulliken charges for 3-HQ radical cation

N1
C2
C3
C4
C 4a
C5
C6
C7
C8
C 8a
O C3

Charges

Spin density

-0.15
0.31
-0.10
0.24
1.50
0.22
-0.10
0.10
0.02
-1.17
0.12

0.06
-0.01
0.23
0.16
-0.03
0.25
-0.12
0.26
0.01
0.02
0.14

8

1

7

8a

6

4a

5

2

3
4

Table 7-8. Spin densities and Mulliken charges for 3-AQ radical cation

N1
C2
C3
C4
C 4a
C5
C6
C7
C8
C 8a
N C3

Charges

Spin density

-0.17
0.22
0.13
0.16
1.38
0.16
-0.09
0.06
0.00
-1.14
0.29

-0.03
0.08
0.03
0.31
-0.10
0.21
-0.10
0.23
-0.08
0.12
0.33
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8

1

7

8a

6

4
a

5

2

3

4

Table 7-9. Spin densities and Mulliken charges for 2-AI radical cation

N1
C2
N3
C4
C5
N C2

Charges

Spin density

0.12
0.51
-0.33
0.23
0.21
0.26

-0.01
0.10
0.09
0.13
0.43
0.25

1

5

2

4

3

Table 7-10. Spin densities and Mulliken charges for 2-ABI radical cation

N1
C2
N3
C 3a
C4
C5
C6
C7
C 7a
N C2

Charges

Spin density

0.02
0.71
-0.37
0.98
0.77
0.00
0.12
-1.13
1.21
0.22

-0.04
0.06
0.20
0.03
0.04
-0.02
0.32
-0.11
0.32
0.20
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7
6

7a

5

3a

1

2
4

3

Table 7-11. Spin densities and Mulliken charges for 3-AP radical cation

N1
N2
C3
C4
C5
N C3

Charges

Spin density

0.33
-0.22
0.20
0.27
0.07
0.35

0.22
0.26
0.05
0.12
-0.04
0.38

4
5

3
1

2

Table 7-12. Spin densities and Mulliken charges for 4-AAP radical cation

N1
N2
C3
C4
C5
C 1’
C 2’
C 3’
C 4’
C 5’
C 6’
N C4
O C5

Charges

Spin density

0.52
0.57
0.34
0.36
-0.10
-1.98
1.30
-0.44
0.34
-0.46
0.86
0.21
0.31

-0.03
0.24
0.07
0.23
0.00
-0.06
0.03
0.01
0.00
0.00
0.00
0.31
0.17
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3

2

6’

5’

1’
4

1
5

2’

4’
3’

Table 7-13. Spin densities and Mulliken charges for HOBT radical cation

N1
N2
N3
C 3a
C4
C5
C6
C7
C 7a
O C1

Charges

Spin density

-0.10
0.11
-0.19
0.37
-0.03
0.19
0.07
0.22
-0.07
0.43

0.30
-0.06
0.16
0.00
0.10
0.30
-0.12
0.32
-0.08
0.11

4

3

3a

5

2
6

7a

1

7

Table 7-14. Spin densities and Mulliken charges for 3-HC radical cation

O1
C2
C3
C4
C 4a
C5
C6
C7
C8
C 8a
O C2
O C3

Charges

Spin density

-0.21
0.70
-0.17
0.29
1.52
0.18
-0.05
0.15
0.02
-1.15
-0.40
0.14

-0.02
-0.01
0.25
0.08
0.11
0.06
-0.03
0.25
-0.11
0.15
0.11
0.15
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4

5

3

4a

6

7
8

8a

1

2

Table 7-15. Spin densities and Mulliken charges for 2-ABO radical cation

O1
C2
N3
C 3a
C4
C5
C6
C7
C 7a
N C2

Charges

Spin density

-0.22
0.73
-0.33
0.80
-0.70
0.05
0.21
-0.77
0.98
0.25

-0.02
0.03
0.22
0.06
0.08
-0.05
0.37
-0.12
0.26
0.18

234

4
5

3a

3

2
7a

6
7

1

7.8

Appendix H. Spin densities and Mulliken charges for non-substrate radical
cations

Table 7-16. Spin densities and Mulliken charges for thiophene radical cation

S1
C2
C3
C4
C5

Charges

Spin density

0.19
0.32
0.08
0.08
0.32

0.66
-0.15
0.32
0.32
-0.15

4

3

2

5
1

Table 7-17. Spin densities and Mulliken charges for benzothiophene radical cation

S1
C2
C3
C 3a
C4
C5
C6
C7
C 7a

Charges

Spin density

-0.40
0.48
-0.06
0.92
-0.32
0.01
0.17
-0.13
0.33

0.24
0.10
0.31
-0.10
0.28
-0.08
0.18
0.08
-0.01
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4
3a

5

3

2
6

7a
7

1

Table 7-18. Spin densities and Mulliken charges for furan radical cation

O1
C2
C3
C4
C5

Charges

Spin density

0.11
0.18
0.26
0.26
0.18

-0.11
0.51
0.04
0.04
0.51

4

3

2

5
1

Table 7-19. Spin densities and Mulliken charges for indazole radical cation

N1
N2
C3
C 3a
C4
C5
C6
C7
C 7a

Charges

Spin density

0.28
-0.16
0.26
1.67
-1.15
0.35
-0.16
0.19
-0.28

0.30
0.09
0.21
-0.04
0.18
0.24
-0.12
0.37
-0.05

4
5

3a

3

2
6

7a
7
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1

Table 7-20. Spin densities and Mulliken charges for thiazole radical cation

S1
C2
N3
C4
C5

Charges

Spin density

-0.08
0.07
-0.15
-0.13
0.29

-0.04
0.91
-0.04
0.08
0.00

3

4

2

5
1

Table 7-21. Spin densities and Mulliken charges for pyridine radical cation

N1
C2
C3
C4
C5
C6

Charges

Spin density

-0.16
0.17
0.45
-0.08
0.45
0.17

-0.12
0.32
0.31
-0.14
0.31
0.32

4
5

3

2

6
1
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Table 7-22. Spin densities and Mulliken charges for 2-HP radical cation

N1
C2
C3
C4
C5
C6
O C2

Charges

Spin density

-0.02
-0.28
0.90
-0.18
0.48
-0.10
0.21

0.00
0.14
0.32
-0.18
0.47
0.00
0.16

3

4

2

5
6

1

Table 7-23. Spin densities and Mulliken charges for 2-AP radical cation

N1
C2
C3
C4
C5
C6
N C2

Charges

Spin density

-0.26
0.16
0.57
-0.17
0.33
0.01
0.36

0.10
-0.02
0.35
-0.20
0.44
-0.02
0.35

3

4

2

5

6

238

1

Table 7-24. Spin densities and Mulliken charges for 2-HQ radical cation

N1
C2
C3
C4
C 4a
C5
C6
C7
C8
C 8a
O C2

Charges

Spin density

-0.26
0.27
0.14
0.03
1.67
0.09
0.08
0.03
0.09
-1.24
0.10

0.12
0.12
-0.03
0.04
0.04
0.07
0.35
-0.14
0.32
0.04
0.08

4

5

4a

6

7

3

8a

2

1

8

Table 7-25. Spin densities and Mulliken charges for 2-AQ radical cation

N1
C2
C3
C4
C 4a
C5
C6
C7
C8
C 8a
N C2

Charges

Spin density

-0.01
0.13
0.37
-0.04
2.07
-0.02
0.14
-0.10
0.06
-1.96
0.35

0.20
0.02
0.07
-0.08
0.22
-0.11
0.34
0.11
0.22
-0.03
0.26

4

5

2

8a

7
8
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3

4a

6

1

Table 7-26. Spin densities and Mulliken charges for 4-HC radical cation

O1
C2
C3
C4
C 4a
C5
C6
C7
C8
C 8a
O C2
O C4

Charges

Spin density

-0.22
0.41
0.43
-0.18
1.66
0.43
-0.16
0.13
0.06
-1.28
-0.36
0.10

-0.01
-0.10
0.62
-0.08
0.13
-0.01
0.02
0.14
-0.07
0.10
0.24
0.02

4

5

3

4a

6

2

8a

7

1

8

Table 7-27. Spin densities and Mulliken charges for imidazole radical cation

Charges
N1
C2
N3
C4
C5

0.25
0.26
-0.03
0.25
0.26

Spin density

3

4

-0.11
0.45
-0.12
0.31
0.47

2

5
1
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Table 7-28. Spin densities and Mulliken charges for pyrazole radical cation

N1
N2
C3
C4
C5

Charges

Spin density

0.39
-0.08
0.02
0.52
0.14

0.09
0.20
-0.09
0.70
0.11

4
5

3
1
2

Table 7-29. Spin densities and Mulliken charges for 2-AO radical cation

Charges
O1
C2
N3
C4
C5
O C2

-0.12
0.51
-0.28
0.28
0.29
0.31

Spin density

3
4

-0.02
0.04
0.17
0.05
0.53
0.23

2
5
1
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7.9

Appendix I. Reduction potentials calculated using SMD model

Compound

SBP
substrate

E ° (V)
PCMB3LYP

SMDB3LYP

Aniline
Phenol




-1.44
-1.20

-1.42
-1.24

Pyrrole



-1.66

-1.60

Indole
Indazole
Furan
Thiophene
Benzothiophene
Thiazole
2-AT
Benzothiazole
2-ABT
Pyridine
2-HP
2-AP
2-HQ
2-AQ
3-HQ
3-AQ
Imidazole
2-AI
2-ABI
HOBT
Pyrazole
3-AP
4-AAP
3-HC
4-HC
2-AO
2-ABO


×
×
×
×
×

×

-1.52
-1.71
-2.95
-2.64
-2.52
-2.71
-1.26
-2.31
-1.47
-2.36
-1.47
-1.62
-1.39
-1.73
-1.15
-1.44
-1.78
-1.08
1.47
-0.82
-2.21
-1.37
-1.08
-1.09
-1.42
-1.26
-1.40

-1.47
-1.67
-3.00
-2.68
-2.53
-2.76
-1.24
-2.44
-1.41
-2.37
-1.46
-1.60
-1.44
-1.68
-1.20
-1.42
-1.72
-1.06
-1.29
-0.92
-2.17
-1.34
-1.07
-1.09
-1.50
-1.23
-1.38


×
×
×
×
×


×



×



×
×
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